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and Interferences that the real party in interest is the assignee of record for this application, 
Genentech, Inc., 1 DNA Way, South San Francisco, CA 94080. 



IL RELATED APPEALS AND INTERFERENCES 

Appellants are unaware of any other related appeals or interferences. 
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III. STATUS OF THE CLAIMS 

The above-captioned application was filed with Claims 1-39. Appellants cancelled 
Claims 1-39 and added new Claims 40-45 in a Preliminary AmendmentO mailed February 1, 
2001. Appellants canceled Claim 45 in an Amendment and Response mailed July 27, 2004. 
Appellants amended Claim 40 in an Amendment and Response filed September 1, 2004. The 
Examiner rejected Claims 40-44 in a final Office Action dated November 25, 2005. 

Accordingly, Claims 40-44 are the subject of this appeal. The claims attached hereto as 
Appendix A reflect the claims as amended by the Amendment filed with the Amendment and 
Response mailed September 1, 2004. 

IV. STATUS OF AMENDMENTS 

No amendments have been filed subsequent to the issuance of the final Office Action 

dated January 24, 2006. 

V. SUMMARY OF THE CLAIMED SUBJECT MATTER 

The claimed subject matter relates to antibodies that specifically bind to the polypeptide 
ofSEQ ID NO: 9. 

Various aspects of the claimed antibodies are described in the specification at, for 
example, p. 90, 1. 30 through p. 99, 1. 6, and Figure 4. SEQ ID NO:9 is disclosed in the Sequence 
Listing appended to the application. 

VI. GROUNDS OF REJECTION TO BE REVIEWED ON APPEAL AND GROUPING 
OF CLAIMS 

A. Grounds of Rejection on Appeal 

The Examiner has rejected pending Claims 40-44 under 35 U.S.C. §101, stating that the 
claimed invention is drawn to an invention with no apparent or disclosed specific and substantial 
credible utility. Final Office Action at 2. 

The Examiner also has rejected pending Claims 40-44 under 35 U.S.C. §112, first 
paragraph as lacking an enabling disclosure, asserting that "since the claimed invention is not 
supported by either a specific or substantial asserted utility or a well established utility . . . one 
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skilled in the art clearly would not know how to use the claimed invention." Final Office Action 
at 8-9. 

B. Grouping of Claims 

1. Utility Rejection - Claims 40-44 

For purposes of the utility rejection under 35 U.S.C. § 101, Claims 40-44 can be 
considered as a group. 

2, Enablement Rejection - Claims 40-44 

For purposes of the enablement rejection under 35 U.S.C. § 1 12, first paragraph, Claims 
40-44 can be considered as a group. 

VII. APPELLANTS' ARGUMENT 

A. Summary of the Arguments 
1. Utility Rejection 

The first issue before the Board is whether Appellants have asserted at least one "specific, 
substantial, and credible utility" for the claimed subject matter. See, Examination Guidelines, 66 
Fed. Reg. 1092 (2001). Briefly stated, Appellants' asserted utility is based on the disclosure in 
Example 60 of the instant application that the PR0444 polypeptide stimulates c-fos expression in 
retinal pericyte cells. It is well-established that pericyte cells are involved in various stages of 
angiogenesis, including in the formation of new capillary sprouts, in promoting the survival of 
newly formed vasculature, and in regulating capillary permeability. Further, it is well 
established that pericytes secrete VEGF, a well-known potent angiogenic factor, known to be 
involved in cellular proliferation, survival of newly formed vasculature, and in regulating 
vascular permeability. Finally, it is known that c-fos is a component of the AP-1 transcription 
factor, and that AP-1 regulates expression of VEGF. The induction of c-fos in pericyte cells 
stimulates VEGF, tying c-fos induction in pericyte cells to angiogenesis. Accordingly, PR0444 
polypeptides, which Applicants have demonstrated stimulate c-fos in pericyte cells, are useful as 
both therapeutic targets for pathological angiogenesis (e.g., pericyte-associated tumors) and as 

-3- 



Appl. No. : 10/066,273 

Filed : February 1, 2002 

stimulators of angiogenesis. The claimed antibodies, which specifically bind PR0444 
polypeptides, are therefore useful as therapeutic agents. The asserted utilities are specific, 
substantial, and credible. 

2. Enablement Rejection 

The second issue before the Board is whether Appellants have enabled the pending 
claims such that one of skill in the art would be able to make and use the claimed invention. The 
Examiner has rejected pending Claims 40-44 under 35 U.S.C. §1 12,. first paragraph, arguing that 
because the claimed antibodies are not supported by either a specific or substantial asserted 
utility or a well established utility, one skilled in the art would not know how to use the claimed 
invention. Final Office Action at 9. 

Appellants submit that Claims 40-44 are enabled such that one of skill in the art could 
make and use the claimed antibodies without undue experimentation. Applicants submit that the 
claimed antibodies have a substantial, specific, and credible utility. Since the enablement 
rejection is based on the rejection of the claims as lacking utility, the claimed antibodies do not 
lack enablement. 

B. Utility Rejection - Detailed Arguments 

The first issue before the Board is whether Appellants have asserted at least one "specific, 
substantial, and credible utility" for the claimed subject matter. See Examination Guidelines, 66 
Fed. Reg. 1092 (2001). The Examiner has rejected Claims 40-44 under 35 U.S.C. §§ 101 as 
lacking utility. Appellants have asserted that the claimed antibodies that specifically bind to the 
polypeptide of SEQ ID NO: 9 (the PR044 polypeptide) are useful as therapeutic targets for 
pathological angiogenesis or as tools for stimulating angiogenesis. This asserted utility is 
specific, substantial, and credible, as is explained in more detail below. 

1. Utility - Legal Standard 

A "specific utility" is defined as utility which is "specific to the subject matter claimed," 
in contrast to "a general utility that would be applicable to the broad class of the invention." See 
M.P.E.P. § 2107.01 I. For example, it is generally not enough to state that a nucleic acid is 
useful as a diagnostic tool without also identifying the condition that is to be diagnosed. 

-4- 



f I 

Appl. No. : 10/066,273 

Filed : February 1, 2002 



The requirement of "substantial utility" defines a "real world" use, and derives from the 
Supreme Court's holding in Brenner v. Manson, 383 U.S. 519, 534 (1966) stating that "[t]he 
basic quid pro quo contemplated by the Constitution and the Congress for granting a patent 
monopoly is the benefit derived by the public from an invention with substantial utility." In 
explaining the "substantial utility" standard, M.P.E.P. § 2107.01 cautions, however, that Office 
personnel must be careful not to interpret the phrase "immediate benefit to the public" or similar 
formulations used in certain court decisions to mean that products or services based on the 
claimed invention must be "currently available" to the public in order to satisfy the utility 
requirement. "Rather, any reasonable use that an applicant has identified for the invention that 
can be viewed as providing a public benefit should be accepted as sufficient, at least with regard 
to defining a 'substantial' utility." M.P.E.P. § 2107.01 (emphasis added). 

Indeed, the Guidelines for Examination of Applications for Compliance With the Utility 
Requirement, set forth in M.P.E.P. § 2107 11(B)(1) gives the following instruction to patent 
examiners: "If the applicant has asserted that the claimed invention is useful for any particular 
practical purpose . . . and the assertion would be considered credible by a person of ordinary skill 
in the art, do not impose a rejection based on lack of utility." 

Finally, in assessing the credibility of the asserted utility, the M.P.E.P. states that "to 
overcome the presumption of truth that an assertion of utility by the applicant enjoys" the PTO 
must establish that it is "more likely than not that one of ordinary skill in the art would doubt (i.e., 
'question') the truth of the statement of utility." M.P.E.P. § 2107.02 III A. 

2. Utility - Burden of Proof 

It is well established that a specification which contains a disclosure of utility which 
corresponds in scope to the subject matter sought to be patented "must be taken as sufficient to 
satisfy the utility requirement of § 101 for the entire claimed subject matter unless there is reason 
for one skilled in the art to question the objective truth of the statement of utility or its scope." In 
re Longer, 503 F.2d 1380, 1391, 183 U.S.P.Q. 288, 297 (C.C.P.A. 1974). Thus "the PTO has the 
initial burden of challenging a presumptively correct assertion of utility in the disclosure." In re 
Brana, 51 F.3d 1560, 1566, 34 U.S.P.Q.2d 1436 (Fed. Cir. 1995). Only after the PTO provides 
evidence showing that one of ordinary skill in the art would reasonably doubt the asserted utility 
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does the burden shift to the applicant to provide rebuttal evidence sufficient to convince such a 
person of the invention's asserted utility. Id. 

3. Utility - Standard of Proof 

Compliance with 35 U.S.C. § 101 is a question of fact. Raytheon v. Roper, 724 F.2d 951, 

956, 220 U.S.P.Q. 592, 596 (Fed. Cir. 1983). The evidentiary standard to be used throughout ex 

parte examination in setting forth a rejection is a preponderance of the evidence, or "more likely 

than not" standard. In re Oetiker, 977 F.2d 1443, 1445, 24 U.S.P.Q.2d 1443, 1444 (Fed. Cir. 

1992). This is stated explicitly in the M.P.E.P.: 

[T]he applicant does not have to provide evidence sufficient to establish that an 
asserted utility is true "beyond a reasonable doubt." Nor must the applicant 
provide evidence such that it establishes an asserted utility as a matter of 
statistical certainty. Instead, evidence will be sufficient if, considered as a whole, 
it leads a person of ordinary skill in the art to conclude that the asserted utility is 
more likely than not true . M.P.E.P. § 2107.02, part VII (emphasis in original, 
citations omitted). 

The Court of Appeals for the Federal Circuit has stated that the standard for satisfying the 
utility requirement is a low one: 

The threshold of utility is not high : An invention is "useful" under section 101 if 
it is capable of providing some identifiable benefit. See Brenner v. Manson, 383 
U.S. 519, 534, 86 S.Ct. 1033, 16 L.Ed.2d 69 (1966); Brooktree Corp. v. Advanced 
Micro Devices, Inc., 977 F.2d 1555, 1571 (Fed. Cir. 1992) ("To violate § 101 the 
claimed device must be totally incapable of achieving a useful result"); Fuller v. 
Berger, 120 F. 274, 275 (7th Cir. 1903) (test for utility is whether invention "is 
incapable of serving any beneficial end"). Juicy Whip, Inc. v. Orange Bang, Inc., 
185 F.3d 1364, 1366, 51 U.S.P.Q. 2d 1700 (Fed. Cir. 1999) (emphasis added). 

The low threshold for satisfying the utility requirement is reflected in the standard set by the 
Federal Circuit for invalidating a patent based on a lack of utility: "[T]he fact that an invention 
has only limited utility and is only operable in certain applications is not grounds for finding lack 
of utility. Some degree of utility is sufficient for patentability. Further, the defense of non- 
utility cannot be sustained without proof of total incapacity ." Envirotech Corp. v. A I George, 
Inc., 730 F.2d 753, 762, 221 U.S.P.Q. 473 (Fed. Cir. 1984) (emphasis added, citations omitted). 

Because the standard for satisfying the utility requirement is so low, requiring total 
incapacity for a finding of no utility, the M.P.E.P. cautions that: 
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Rejections under 35 U.S.C. 101 have been rarely sustained by federal courts. 
Generally speaking, in these rare cases, the 35 U.S.C. 101 rejection was sustained 
[] because the applicant . . . asserted a utility that could only be true if it violated a 
scientific principle, such as the second law of thermodynamics, or a law of nature, 
or was wholly inconsistent with contemporary knowledge in the art. M.P.E.P. § 
2107.02 III B., citing In re Gazave, 379 F.2d 973, 978, 154 U.S.P.Q. 92, 96 
(C.C.P.A. 1967) (underline emphasis in original, italic emphasis added). 

4. Appellants Asserted a Specific, Substantial and Credible Utility that is 
Sufficient to Satisfy the Utility Requirement ofS 101 

The claimed subject matter is directed to antibodies that specifically bind to the 
polypeptide of SEQ ID NO:9. The polypeptide of SEQ ID NO:9 (referred to as "PR0444 
polypeptide") is encoded by the polynucleotide of SEQ ID NO: 8 (also referred to as DNA26846- 
1397). Specification, Example 5. Appellants have asserted that the claimed antibodies are useful 
in the purification of PR0444 polypeptides, which in turn have utility as both therapeutic targets 
for tumors associated with pericytes and as stimulators of angiogenesis. 

In "Example 60: Pericyte c-Fos Induction" Appellants disclose that the PR0444 
polypeptide induces the expression of c-fos in pericyte cells at least two fold above a control 
polypeptide. The specification teaches that induction of c-fos expression in pericytes renders the 
polypeptides "useful. . .as giving rise to antagonists which would be expected to be useful for the 
therapeutic treatment of pericyte-associated tumors. . .and for the treatment of conditions where 
induced angiogenesis would be beneficial, including for example, wound healing, and the like." 
Specification at p. 142, lines 21-27. Example 43 describes purification of PRO polypeptides 
(e.g., PR0444) using specific antibodies, such as the claimed antibodies. Specification at p. 132- 
133. The specification states that PRO antibodies "can be administered for the treatment of 
various disorders in the form of pharmaceutical compositions." Specification at p. 97. 

Taken together, the specification clearly discloses the use of the claimed antibodies for 
the purification of PR0444, which has uses both in the isolation of antagonists useful in the 
treatment of certain tumors, and as a stimulator of angiogenesis where angiogenesis is desirable. 
These utilities are specific and substantial, as one of skill in the art will recognize that the 
treatment of certain tumors and the stimulation of angiogenesis are not utilities that apply to the 
broad class of antibodies; and it is credible, as they not utilities "that could only be true if it 
violated a scientific principle, . . .or a law of nature, or [is] wholly inconsistent with contemporary 

* 
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knowledge in the art." M.P.E.P. § 2107.02 III B., citing In re Gazave, 379 F.2d 973, 978, 154 
U.S.P.Q. 92, 96 (C.C.P.A. 1967). 

Because Appellants' specification contains a disclosure of utility which corresponds in 
scope to the claimed subject matter, the asserted utility "must be taken as sufficient to satisfy the 
utility requirement of § 101 for the entire claimed subject matter unless there is reason for one 
skilled in the art to question the objective truth of the statement of utility or its scope." In re 
hanger, 503 F.2d 1380, 1391, 183 U.S.P.Q. 288, 297 (C.C.P.A. 1974). Therefore, the burden of 
establishing a prima facie case of lack of utility rests with the PTO. See, In re Brana, 51 F.3d 
1560, 1566, 34 U.S.P.Q.2d 1436 (Fed. Cir. 1995) ("the PTO has the initial burden of challenging 
a presumptively correct assertion of utility in the disclosure"). 

5. The Examiner's Arguments 

In the first Office Action, mailed April 28, 2004, the Examiner rejected the pending 
claims, stating "Claims 40-45 are rejected under 35 U.S.C. 101 because the claimed invention is 
drawn to an invention with no apparent or disclosed specific and substantial credible utility." 
Office Action mailed April 28, 2004 at 2. This rejection is maintained in the Office Actions 
mailed September 17, 2004, March 16, 2005, and July 21, 2005, in the final Office Action 
mailed November 25, 2005, and in the Advisory Action mailed February 7, 2006. See, Final 
Office Action at 2. 

To establish a prima facie showing that the claimed subject matter lacks utility, the 
Examiner must "provide[] evidence showing that one of ordinary skill in the art would 
reasonably doubt the asserted utility." In re Brana, 51 F.3d 1560, 1566, 34 U.S.P.Q.2d 1436 
(Fed. Cir. 1995). The Examiner has issued a total of five Office Actions during the prosecution 
of the instant application. In these Actions, the Examiner has cited a total of nine references in 
attempting to provide evidence that one of ordinary skill in the art would reasonably doubt 
Appellants' asserted utility. As discussed below, not one of these references provides evidence 
that one of ordinary skill in the art would reasonably doubt the asserted utilities, and therefore 
does not establish the requisite prima facie showing to support a rejection under 35 U.S.C. § 101 . 

The Examiner states that the specification discloses that the PR0444 polypeptide acts to 
induce the expression of c-fos in pericyte cells, and that Appellants have asserted the use of the 
PR0444 polypeptides for giving rise to antagonists which would be expected to be useful for the 
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therapeutic treatment of tumors and for the treatment of conditions where induced angiogenesis 
would be beneficial. However, the Examiner rejects these utilities, arguing that "the evidence 
presented. . .is inadequate to support a conclusion that PR0444 induced activation of expression 
of c-fos in pericytes is specifically related to angiogenesis." Final Office Action at 4. 

First, the Examiner argues that many growth factors and signals activate c-fos, and that 
the role of c-fos is not limited to cancer. Therefore, the Examiner argues that "there appears to 
be no specific biological function that could be particularly attributed to PR0444 with respect to 
its ability to activate c-fos expression in pericytes." Office Action mailed March 16, 2005, at 5 
(emphasis added). Six of the nine references cited by the Examiner, Janknecht et al. ((1995) 
Carcinogenesis, 16(3): 443-450), Herrera et al. ((1996) Prog, NeurobioL 50: 83-107), Kovaks et 
al. ((1998) Neurochem. Int. 33: 287-297), Coulon et al. ((1999) J. Biol Chem. 274(3): 30439- 
304346), Sakurai et al. ((2002) Invest. Opth Vis. Sci. 43(6): 2774-2781) and Otani et al. ((2000) 
Opth. Vis. Sci. 41(5): 1192-1199), were cited to support the Examiner's position that a specific 
biological function cannot be attributed a compound that induces c-fos in pericyte cells, and that 
as such PR0444 is not useful under 35 U.S.C. §101. As discussed below, four of these six 
references that allegedly demonstrate that Appellants' asserted utilities are not specific to 
PR0444 do not even concern cfos induction in pericyte cells. Accordingly, these references are 
irrelevant to Appellants' asserted utilities, which are based on induction of c-fos in pericyte cells, 
and carry no evidentiary weight in support of the Examiner's prima facie showing. The 
remaining two references, Sakurai et al. and Otani et al., relate to c-fos induction in pericyte cells. 
As discussed below, the two relevant references provide strong support forAppellants' asserted 
utilities. 

Second, the Examiner argues that there is "no information at the time of filing regarding 
pericytes' specific role in angiogenesis." See, e.g., Final Office Action at 5. The Examiner takes 
the position that the role of pericytes in angiogenesis is "controversial" and that it is "presently 
not known whether stimulation of pericytes results in up-regulation or down-regulation of 
vascularization." See, Final Office Action at 5; Office Action mailed July 21, 2005 at 3. The 
Examiner relies on Diaz-Florez et al. ((1994) Histol Histopath. 9: 807-843) and Ozerdem et al. 
((2003) Angiogenesis 6:241-249) in support of her position. As discussed below, both Diaz- 
Florez et al. and Ozerdem et al. demonstrate that pericytes have known, specific roles in 
angiogenesis. Contrary to the Examiner's assertions, Diaz-Florez et al. enumerates specific 
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stages in angiogenesis in which it had been previously shown that pericytes play integral roles. 
Ozerdem et al. not only teaches that pericyte cells are involved in angiogenic sprout formation 
and migration, but also discloses that pericyte cells are useful for the same asserted utilities 
asserted by Appellants, namely as "targets for therapeutics for pathological vascularization (e.g., 
cancer), or as tools to facilitate vascularization (e.g., ischemic disorders)." Ozerdem et al. at 248. 

Finally, the Examiner argues that the relationship between c-fos, AP-1 and VEGF 
expression is "not obvious" and that "there is no evidence that induction of. . .c fos. . . leads to 
stimulation of VEGF by means of. . .AP-1." Final Office Action at 5. The Examiner relies on 
only one reference, Orlandini et al. ((1996) Proc. Nat Acad. Set USA 93: 11675-11680), in 
support of her position. As discussed below, Orlandini et al. concerns in vitro experiments done 
in fibroblast cells. Orlandini et al. is not probative of c-fos regulation in pericytes. Further, the 
authors themselves caution readers that the reported results are inconsistent with in vivo studies 
that demonstrate c-fos regulation of VEGF in association with tumors. 

Based on these arguments and cited references, the Examiner argues that "the instant 
polypeptide PR0444 is suitable only for additional research to identify or reasonably confirm a 
'real world' context of use." Final Office Action at 8. The Examiner thus concludes that 
PR0444 and antibodies that bind PR0444 do not have a substantial or well-established utility. 
Id. 

6. The Examiner has not established a Prima Facie case that Claims 40-44 lack 
Utility 

The above arguments do not satisfy the Examiner's burden to "provide[] evidence 
showing that one of ordinary skill in the art would reasonably doubt the asserted utility." In re 
Brana, 51 F.3d 1560, 1566, 34 U.S.P.Q.2d 1436 (Fed. Cir. 1995). The Examiner has the burden 
of presenting "countervailing facts and reasoning sufficient to establish that a person of ordinary 
skill would not believe the applicant's assertion of utility." M.P.E.P. at §2107.02 III, A., citing in 
re Brana, 51 F.3d 1560, 1566, 34 U.S.P.Q.2d 1436 (Fed. Cir. 1995) ("Only after the PTO 
provides evidence showing that one of ordinary skill in the art would reasonably doubt the 
asserted utility does the burden shift to the applicant to provide rebuttal evidence") (emphasis 
added). The Examiner relies on the Herrera et al., Kovaks et al., Janknecht et al., Coulon et al., 
Sakurai et al., Otani et al., Diaz-Florez et al., Ozerdem et al., and Orlandini et al. references to 
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support her arguments. However, for the reasons discussed below, they do not support the 
Examiner's position. Therefore, the Examiner's assertions are not supported by any relevant 
facts, evidence, or reasoning, and there is simply no evidence in the record to support the 
Examiner's arguments that Appellants' asserted utility is not specific or substantial, and that the 
invention is incomplete. Absent some relevant evidence to support her assertions, the Examiner 
has failed to establish a prima facie showing that one of skill in the art would reasonably doubt 
the asserted utility, and the Board should accept Appellants' disclosed utility as sufficient. 

a. The data in Example 60 are sufficient to establish a specific asserted 
utility 

Appellants turn first to the Examiner's arguments that Example 60 does not support a 
specific utility for PR0444 polypeptides and the claimed antibodies. According to the Examiner, 
Appellants' evidence of c-fos induction in pericytes does not establish "a specific biological role 
for these protein [sic] . . .or their significance to a particular disease, disorder or physiological 
process, which one would wish to manipulate for a desired effect," even in light of Appellants' 
assertion that this activity renders PR0444 useful for treating pericyte-associated tumors or 
stimulating angiogenesis. Office Action mailed April 28, 2004 at 3. According to the Examiner 
"the art clearly recognizes that induction of c-fos expression represents a general non-specific 
first line of cellular response to a variety of stimuli in a variety of cells [and thus] one skilled in 
the art would not attribute the induction of c-fos in pericytes by the instant polypeptides as a 
physiological reaction specifically induced by these particular polypeptides." Office Action 
mailed September 17, 2004 at 4. See also, Final Office Action at 5 (stating that "c-fos. . .is 
known to be induced by many cellular stimuli, including growth factors, cytokines, T-cell 
activators, UV irradiation, hypoxia and PMA.") 

In the section entitled "Specific and Substantial Requirements" for utility of inventions, 
the M.P.E.P. states that a specific utility "is specific to the subject matter claimed. This contrasts 
with a general utility that would be applicable to the broad class of the invention." M.P;E.P. 
§2107.02 11(A). The M.P.E.P. instructs Examiners that where an applicant discloses a particular 
biological activity and reasonably correlates that activity to a disease or condition, the applicant 
has identified a specific utility for the invention. Id. Appellants' specification contains an 
assertion of utility that meets both of the requirements. Appellants' specification states that 
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"induction of c-fos in pericytes is [] indicative of the induction of angiogenesis," and states that 
this particular biological activity of PR0444 renders those peptides useful as both therapeutic 
targets for pathological angiogenesis and as stimulators of angiogenesis. See, Specification, p. 
142, lines 23-25. Accordingly, Appellants have identified a particular biological activity of a 
compound and explained how that activity can be utilized in a particular therapeutic application 
of the compound, fulfilling the requirements for assertion of a specific and substantial utility for 
the claimed invention. 

In an attempt to clarify to the Examiner that Assay 93 in Example 60 identified 
compounds with specific activities, Appellants submitted a declaration by Mary Gerritsen, Ph.D. 
with a Request for Continued Examination on January 18, 2005. Dr. Gerritsen explains that both 
positive and negative controls were run in Example 60 (Assay 93). Of the 648 samples assayed, 
only 48 samples, many of which were different lots of the same compound, tested positive for 
induction of c-fos activation in pericytes in Example 60 (Assay 93). Gerritsen Decl., U 10. Dr. 
Gerritsen's testimony thus establishes that c-fos induction in pericytes is not an activity that 
applies to proteins in general, and likewise that antibodies that bind proteins that induce c-fos 
cannot be a general utility that is applicable to the broad class of the invention. 

The fact that PR0444 may not be the only factor capable of stimulating c-fos does not 
detract from Appellants' asserted utilities. The Examiner has failed to offer sound reasoning or 
logic why, based on the fact that various stimuli are known to induce c-fos, the skilled artisan 
would not believe Appellants' that PR0444 induction of c-fos in pericyte cells is not a specific 
biological activity. The Examiner has also failed to offer sound reasoning or logic why the fact 
that cfos can be induced in neuronal cells or other cells, the skilled artisan would not believe that 
c-fos induction in pericyte cells (specialized cells known to be involved in angiogenesis) is 
indicative of angiogenesis. 

In summary, Appellants' asserted utilities for the claimed antibodies are not "a general 
utility that is applicable to the broad class of the invention." M.P.E.P. §2107.02 11(A). 
Appellants have described a "specific" utility for the claimed antibodies. 

b. The evidence cited by the Examiner does not refute Appellants 9 assertion 
that induction of c-fos in pericytes is a physiological reaction specifically 
induced by PRQ444 
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Appellants next turn to the evidence cited by the Examiner that demonstrates that c-fos is 
induced by several stimuli, which the Examiner argues establishes that PR0444 polypeptides 
lack a biological function that could be particularly attributed to PR0444. Appellants discuss 
below each of the references relied upon by the Examiner in support of her position. 

The Examiner argues that Janknecht et al. demonstrates that "the c-fos protooncogene is a 
member of the immediate-early genes (IEGs), which are rapidly induced upon stimulation of 
cells with growth factors, cytokines, serum, or UV light." Office Action mailed April 24, 2004 at 
3. Janknecht et al. is a general review of the regulatory elements at the c-fos promoter. 
Inasmuch as the teachings of Janknecht et al. are relevant to c-fos regulation in any particular cell 
type, (e.g., pericyte cells), Appellants maintain that the teachings of Janknecht et al. provide 
strong support for Appellants' asserted utilities. First, Janknecht et al. teaches that several of the 
"various stimuli" for c-fos noted by the Examiner that induce c-fos do so through the Raf-1 
pathway. Janknecht et al. at 445. As discussed below, at the time of filing it was known that 
VEGF was also activated through the Raf-1 pathway, thereby linking many of the "various 
stimuli" that induce c-fos to the induction of VEGF expression, a well-established angiogenic 
factor. See, Kolch et al. (1995) Breast Cancer Res. Treat. 36:139-155 at 144-145. Janknecht et 
al. also teaches that c-fos is regulated by the cAMP pathway. cAMP is also known regulator of 
VEGF expression. See, Kolch et al. at 141; Sakurai et al. at 2780. Finally, Janknecht et al. 
teaches that in 1995 it was well known that c-fos regulates cellular proliferation and 
differentiation. Janknecht et al. at 443. Appellants assertion that c-fos stimulation in pericytes is 
associated with angiogenesis, which involves both cellular proliferation and differentiation, is 
fully consistent with the teachings of Janknecht et al. In other words, rather than providing any 
evidence that would lead the skilled artisan to doubt Appellants' asserted utilities, the teachings 
of Janknecht et al. weigh strongly in favor of Appellants' asserted utilities. 

In a similar line of reasoning, the Examiner cites to Herrera et al. and Kovaks et al. as 
demonstrating that the disclosure in Example 60 does not provide evidence that PR0444 has a 
particular, specific activity. See, Office Action mailed September 17, 2004 at 3-4; Office Action 
mailed April 24, 2004 at 4. According to the Examiner, Herrera et al. and Kovaks et al. teach 
that c-fos is induced by neurotropic factors, neurotransmitters, depolarizing agents, or ion 
channel activating agents. Office Action mailed April 24, 2004 at 4. 
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Hen-era et al is a review article entitled "Activation of c-fos in the Brain." Herrera et al. 
does not touch on the subject of c-fos activation in pericytes and consequently has no bearing on 
Appellants' asserted utilities. Interestingly, however, Herrera et al. mentions that studies on c- 
fos activation following brain wounds have led scientists to propose a role for c-fos in wound 
healing in the brain. Herrera et al. at 90. As such, inasmuch as Hererra et al. provides any 
evidence probative of Appellants' asserted utilities, Herrera et al. weighs in favor of Appellants' 
assertion that PR0444 polypeptides are useful in inducing angiogenesis, for example, in wound 
healing. 

Kovaks et al. is yet another review article that describes the role of c-fos as a functional 
marker of activated neurons . Like Herrera et al., Kovaks et al. does not touch on the subject of 
c-fos activation in pericytes and consequently has no bearing on Appellants' asserted utilities. 

In short, Herrera et al. and Kovaks et al. are not relevant to Appellants' asserted utilities 
and certainly are not sufficient to establish a prima facie case of lack of utility under 35 U.S.C. 
§ 101. 

The Examiner has also relied upon Coulon et al. for the same proposition described 
above, i.e., "that induction of c-fos can be evoked by a variety of extracellular stimuli." Office 
Action mailed March 16, 2005 at 5. Further, the Examiner asserts that "with respect to the issue 
of activation of c-fos and cell specificity" Coulon et al. "clearly indicate that not only nervous 
cells but cells of different types response [sic] to 'wide range of extracellular stimuli' by 
activation of immediate early response gene c-fos" allegedly demonstrating that c-fos induction 
in pericytes is not associated with a specific or substantial utility. Office Action mailed March 16, 
2005 at 6. The Examiner argues that these facts show that the disclosure in Example 60 is 
insufficient to demonstrate that PR0444 has a specific biological function. Coulon et al. is a 
study conducted on mouse Ltk" fibroblast cells. Coulon et al. showed that "calcium ionophore 
acts in synergy with either cAMP or PMA to strongly induce the endogenous c-fos gene." 
Coulon et al., abstract. As discussed above, Appellants' asserted utilities are based on 
experiments performed in pericyte cells, specialized cells known to play specific roles in 
angiogenesis. Coulon et al. concerns a different cell type, i.e., mouse Ltk" fibroblast cells. As 
such, Coulon et al. is not probative of Appellants' asserted utilities. Moreover, cAMP and PMA 
are well known inducers of VEGF, a potent angiogenic factor. See, Kolch et al. at 141; 



- 14- 



Appl. No. : 10/066,273 

Filed : February 1, 2002 

Balabanov et al. at 640, and references cited therein. Thus, even if Coulon et al. was relevant, 
the teachings of Coulon et al. are fully consistent with and support Appellants' asserted utilities. 

Appellants next turn to the remaining two references relied upon by the Examiner for the 
proposition that the activity of PR0444 does not support a specific (and presumably substantial) 
utility, Sakurai et al. and Otani et ah Unlike the evidence discussed above, both Sakurai et al. 
and Otani et al. concern c-fos induction in pericyte cells. 

The Examiner argues that Sakurai et al teaches that c-fos mRNA is induced in pericyte 
cells by fetal calf serum (FCS) and various prostaglandins, {i.e., PDG 2 ) and thus shows that 
"activation of c-fos is a non-specific immediate cellular response to plurality [sic] of different 
factors." Office Action mailed November 25, 2005 at 7. The Examiner later argues that Sakurai 
et al. teaches that not all inducers of c-fos in pericyte cells would be expected to induce 
angiogenesis. More specifically, the Examiner asserts that Sakurai et al. "describes that the 
expression of c-fos mRNA was induced by FCS (fetal calf serum) and various prostaglandins 
(see Figure 5); however, only PGD 2 affected the expression levels of VEGF mRNA." Id. 
(emphasis added). The Examiner asserts that Sakurai shows that the skilled artisan would thus 
"readily appreciate that disclosure that PR0444 polypeptides are capable of stimulation of c-fos 
does not provide any meaningful or definitive evidence that PR0444 molecules could be used as 
therapeutics in treatment of pathological angiogenesis or any other clinical conditions." Id As 
discussed below, this is an entirely misleading interpretation of Sakurai et al. 

Sakurai et al. is a study that examined the role of prostaglandins in proliferative 
retinopathy, in which "the underlying mechanism. . .is the formation of new vessels." Sakurai et 
al. at 2774. The authors hypothesized that prostaglandins, which are well-known inflammatory 
mediators, may play a role in the development of new vessels. Id To test this hypothesis, the 
authors examined whether PDG2 and other prostaglandins for their ability to stimulate 
proliferation of pericyte cells. As positive and negative controls of pericyte proliferation, the 
authors cultured pericyte cells in media with or without 10% FCS, respectively. Id. at 2775. The 
authors found that treating pericytes with PDG2, as well as PGE 2 , PGF 2a and FCS (the positive 
control) induced pericyte proliferation. Id. at 2776. The authors next assayed the induction of c- 
fos in pericytes treated with prostaglandins or FCS (positive control) and found that when 
pericytes were treated with PDG2, PGE2, PGF 2 a 3 and FCS (positive control), the expression of c- 
fos increased. Moreover, the level of pericyte proliferation correlated with the level of c-fos 
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induction. Id. at 2777. Because PDG2 induced pericyte proliferation and c-fos expression to the 
greatest extent, the authors chose PDG 2 as the model to examine whether prostaglandins also 
induced VEGF expression. Id at 2777-2778. Pericytes treated with PDG2 showed increased 
levels of VEGF expression, "a key growth factor in neovascularization." Id. PGD2 was the only 
compound that was tested for its effect on VEGF mRNA expression in pericytes. 

Sakurai et al. also teaches that PGD2 mediates induction of c-fos and VEGF through the 
same pathway. See, Sakurai et al. at Figures 3 and 8. Specifically, Sakurai et al. reported that 
PGD 2 -mediated induction of c-fos is mediated by cAMP. Not surprisingly, a compound that 
blocks cAMP blocked both PGD 2 -mediated induction of c-fos and PDG 2 -mediated induction of 

► 

VEGF mRNA. This data confirms the teachings of Janknecht et al and Kolch et al. described 
above that state that c-fos and VEGF are regulated by the same signal transduction pathways. 
See, Kolch et al. at 141-144; Janknecht et al. at 444-446. Sakurai et al. concluded that their 
findings provide an explanation "for the known link between angiogenesis and chronic 
inflammation." Id. at 2780. Notably, the authors referenced Otani et al. (discussed below), and 
stated that the findings of Sakurai et al together with the findings of Otani et al. " further 
support the view that fl induction of c-fos mRNA is an important step in the induction of 
VEGF expression in retinal pericytes ." Id. 

The Examiner's assertions regarding the Sakurai et al. reference are clearly false. The 
Examiner argues that Sakurai et al. teaches that only a subset of the factors that induce c-fos in 
turn induce expression of VEGF, but fails to mention that the authors did not even examine 
whether cfos induction by FCS, PGE?, or PGF?^ stimulated VEGF . Therefore, Sakurai et al. 
provides no evidence that would lead the skilled artisan to believe that PGE2, PGF 2a , and FCS, as 
stimulators of c-fos expression, would not also induce levels of VEGF expression. To the 
contrary, the one compound tested for both its ability to induce c-fos and to induce VEGF 
showed that induction of c-fos correlated with induction of VEGF. Thus, the teachings of 
Sakurai et al. would lead the skilled artisan to believe that the compounds that were not tested 
{i.e., PGE 2 , PGF 2a and FCS) also induce VEGF expression. That this is indeed the case is 
demonstrated by the teachings of Kolch et al. that "[b]one formation requires angiogenesis and is 
strongly stimulated by prostaglandins El and E2 (PGE). PGE treatment of osteoblasts increases 
the expression of VEGF mRNA and protein . . .VEGF induction is blocked by cAMP 
antagonists." Kolch et al. at 141. Thus, at least one of the compounds discussed in Sakurai et al. 
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falling within the "subset" of compounds that allegedly induce c-fos expression but not VEGF 
expression, is in fact a known inducer of VEGF. 

Accordingly, Sakurai et al. does not support the Examiner's position. To the contrary, 
Sakurai et al. is strong evidence in support of Appellants' asserted utilities. 

Otani et al. is the only other reference cited by the Examiner in support of her position 
that induction of c-fos in pericytes cannot support a specific (and presumably a substantial) 
utility. Like Sakurai et al., Otani et al. concerns c-fos expression in pericyte cells. The Examiner 
argues that Otani et al. teach that both angiotensin II (All) and VEGF activate c-fos in pericytes. 
Office Action mailed March 16, 2005 at 5, demonstrating that "no specific biological function 
[can] be particularly attributed to PR0444 with respect to its ability to activate c-fos expression 
in pericytes." Id. However, Otani et al. not only fails to provide any support for the Examiner's 
assertions, but also confirms that induction of c-fos in pericyte cells is recognized as useful by 
those skilled in the art. 

Otani et al. is the continuation of a study that analyzed the role of angiotensin II in 
retinopathy, which, as discussed in Sakurai et al. above, is attributed to pathogenic 
neovascularization. Retinal microvasculature is comprised of retinal endothelial cells (ECs) and 
pericyte cells. Otani et al. at 1192. In a previous study, the authors examined the effect of 
angiotensin II on retinal endothelial cells. In that report, angiotensin II was shown to potentiate 
VEGF-mediated angiogenic activity of retinal endothelial cells. That study showed that the 
angiogenic activity was due to angiotensin II-mediated induction of VEGF receptor expression in 
retinal epithelial cells. Id. In that same study, the authors demonstrated that angiotensin II did 
not stimulate VEGF expression in retinal endothelial cells. 

The experiments disclosed in Otani et al. concern whether and how angiotensin II affects 
VEGF expression in pericyte cells, the other component of retinal vasculature. The authors 
found that angiotensin II induces a significant increase in VEGF mRNA in pericyte cells in a 
time and dose-dependent manner. See, Otani et al. Figure 1. The increase in VEGF expression 
was blocked with antisense c-fos oligonucleotides, demonstrating that the induction of VEGF 
was mediated by c-fos expression. Thus, Otani et al. is completely contradictory to the 
Examiner's assertion that "there appears to be no evidence of record to show that induction of o 
fos in pericytes is directly and specifically associated with expression of VEGF." Final Office 
Action at 5. The authors also demonstrated that the culture media from the angiotensin II treated 
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pericytes was capable of stimulating the proliferation of retinal endothelial cells, presumably due 
to the secretion of VEGF by the treated pericytes. The authors conclude that u [t]hese findings 
suggest that AH might induce angiogenic activity through a paracrine function of VEGF in 
retinal microvascular cells/ 7 Id. at 1 192. Thus, the authors expressly state the link between c-fos 
induction in pericytes and stimulation of angiogenesis. The results of these experiments led the 
authors to suggest that inhibitors of angiotensin might effectively prevent diabetic retinopathy. 
In other words, due to the specific biological activity of angiotensin II involving induction of c- 
fos in pericyte cells, the authors suggest that antagonists of angiotensin II would be useful for 
treating pathogenic neovascularization. As such, Otani et al. provides strong evidence that the 
skilled artisan would believe that PR0444 polypeptides are useful for identifying antagonists to 
treat pathogenic vascularization, such as pericyte-associated tumors. 

c. The evidence cited by the Examiner does not establish that pericytes 
have no known, specific role in angiogenesis 

Appellants turn next to the Examiner's argument that "there appears to be no information 
available at the time of filing regarding [the] specific role [of pericytes] in angiogenesis (see 
Applicant's cited art). Moreover. . . the post-filing publication of Ozerdem et al, 2003, clearly 
indicates that it is presently not fully understood if stimulation of pericytes results in up- 
regulation or down-regulation of vascularization. . .[and that] the art at the time of invention does 
no [sic] substantiate the nexus between stimulation of c-fos in pericytes and their involvement, 
positive or negative, in angiogenesis." Final Office Action at 4-5. 

In the Examiner's own words, " pericytes are reasonably expected to play a significant 
role in formation of new blood vessels or angiogenesis ." Final Office Action at 4. 
Nevertheless, the Examiner argues that Diaz-Florez et al. and Ozerdem et al. demonstrate that 
angiogenesis and neovascularization are "very complex" and that the "involvement of pericytes 
in angiogenesis is controversial and not fully understood." Office Action mailed July 21, 2005 at 
3. The Examiner maintains that in view of the above, c-fos induction in pericytes "cannot be 
specifically associated with onset of cancer or angiogenesis as asserted in the Gerritsen 
Declaration." Office Action mailed March 16, 2005 at 5-6. 

Diaz-Florez unambiguously demonstrates that at the time of filing, pericytes had known, 
specific roles in angiogenesis. 

The abstract of Diaz-Florez lists the following "events" in neovascularization: 
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a) endothelial cell (EC) and pericyte activation', b) basal lamina degradation; c) 
migration and proliferation of EC and pericytes; d) formation of a new capillary 
vessel lumen; e) appearance of pericytes around the new capillaries; f) 
development of a new basal lamina; g) capillary loop formation; h) persistence or 
involution, and differentiation of the new vessels; and i) capillary network 
formation and, eventually, organization into larger microvessels. (emphasis 
added) 

Although Diaz-Florez et al. states that angiogenesis is "complex," and that ''stepwise, the 
current model of angiogenesis is controversial," Diaz-Florez et al. makes it abundantly clear that 
at the time the instant application was filed , pericytes were known to be involved in several 
specific steps of angiogenesis. The passage of Diaz-Florez et al. previously cited by the 
Examiner as demonstrating that the role of pericytes was "controversial," states that "most of the 
authors are of the opinion that the involvement of capillaries with pericytes occurs at the end of 
the proliferative stage," (Id. at 818), which Appellants submit is addressed in studies 
demonstrating the role of pericytes and VEGF in survival of newly formed vasculature, 
discussed further below. The "controversy" discussed in Diaz-Florez et al. that the Examiner 
argues weighs against Appellants' asserted utilities refers to a discussion of studies that had 
demonstrated that in addition to their role in the survival of newly formed vasculature, studies 
had shown that pericytes played an early role angiogenesis. More specifically, the referenced 
studies showed "fusion of pericytes with the endothelium at the point of active 
angiogenesis. . .and the presence of cytoplasmic processes of pericytes and EC caving in on each 
other. . .in the early stages of neovascularization. . .[and] nascent pericytes showing cellular 
processes advancing at the tips of endothelial sprouts. . .suggesting that pericytes may serve as 
guiding structures of EC outgrowth." Id. Appellants submit that Diaz-Florez et al. does not 
provide evidence that would lead the skilled artisan to believe that pericytes have no known, 
specific, roles in angiogenesis and that weigh against Appellants' asserted utilities. To the 
contrary, Diaz-Florez et al. enumerates several specific functions of pericyte cells in 
angiogenesis such as sprout formation/EC proliferation, and survival of newly formed 
vasculature. Notably, the Examiner does not address Appellants' assertions regarding the 
teachings of Diaz-Florez et al. in the Final Office Action or the Advisory Action. 

The Examiner next asserts that Ozerdem et al. clearly indicates that it is "presently not 
fully understood if stimulation of pericytes results in up-regulation or down-regulation of 
vascularization." Final Office Action at 4. This is an entirely misleading interpretation of 
Ozerdem et al. 
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Ozerdem et al. studied the composition of angiogenic sprouts by immunofluorescence. 
The authors reported the occurrence of pericyte tubes in early carcinoma tumors, and noted the 
presence of "entire vessels [that] appear to be composed of pericyte tubes/ 5 and "large numbers 
of individual pericytes invading the tumors." Ozerdem et al. at 243. Ozerdem et al. also found 
"the pericytes and endothelial cells are both present at the growing tip of the vascular sprout ." Id. 
This reconfirms the same specific activity of pericytes reported in Diaz-Florez et al. Importantly, 
the authors concluded that "activated. . .pericytes play an early role in the development of 
angiogenic sprouts and vessels" and emphasizes "the early participation of pericytes in both 
physiological and pathological angiogenesis." Id. Ozerdem et al. teaches that "pericytes 
represent an additional target for treatments designed either to up-regulate (for example in 
ischemic disorders), or down-regulate (for example in cancer) vascularization." Id. at 248. In 
other words, rather than providing evidence that establishes that the skilled artisan would doubt 
Appellants' asserted utilities, Ozerdem et al. demonstrates exactly the opposite, namely that 
skilled artisans believe that due to their established role in angiogenesis, pericytes are useful in 
the exact same capacity that Appellants assert in their specification, i.e., as therapeutic targets for 
treatments where angiogenesis is desirable (ischemia) or where blocking angiogenesis is 
desirable (cancer). Thus, Ozerdem et al. does not provide evidence to support the Examiner's 
prima facie showing, but provides strong evidence that that the skilled artisan would believe 
Appellants' asserted utilities. 

d. The evidence cited by the Examiner does cast doubt on the relationship 
between c-fos and VEGF 

Appellants turn next to the Examiner's only remaining argument in support of her prima 
facie case of lack of utility: that the relationship between c-fos induction and VEGF expression 
is not "obvious." The Examiner relies on Orlandini et al. for the proposition that "there is no 
indication that induction of expression of c-fos protooncogene that is known to be induced by 
many cellular stimuli, including growth factors, cytokines, T-cell activators, UV irradiation, 
hypoxia and PMA. . .leads to stimulation of VEGF expression by means of AP-1 transcription 
factor." Final Office Action at 5. 

Orlandini et al. describes an in vitro differential mRNA screening study conducted on 
fibroblast cells that differ in the expression of c-fos. Inasmuch as Orlandini et al. is completely 
silent regarding gene expression levels in pericyte cells , it is irrelevant to Appellants asserted 
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utilities. Orlandini et al. showed that after addition of 10% FCS to culture media, VEGF 
expression was induced in both c-fos''' fibroblast cells and c-fos~'~ fibroblast cells engineered to 
constitutively express exogenous c-fos. In view of the data, the authors merely suggest that c-fos 
may not be necessary for VEGF expression in fibroblasts cultured in vitro. 

Importantly, in the discussion of the results, the authors refer to a study by Saez et al. that 
"contrasts with [their] results." Orlandini et al. at 11680. Saez et al. is an in vivo study of 
tumorigenesis in c-fos''' transgenic mice. Saez et al. (1995) Cell 87:721-732. Insofar as Saez et 
al. is not limited to fibroblast cells, Appellants assert that it is more probative of Appellants 5 
asserted utilities than Orlandini et al. Saez et al. teaches that tumors in transgenic c-fos''' mice 
"show[] very little external vascularization." Saez et al. at 723. This finding prompted the 
authors of Saez et al. to examine the mRNA levels of "certain AP-1 regulated genes" in tumors 
from c-fos''' and c-fos +/+ mice, including VEGF. The authors found that VEGF mRNA levels 
were 5-10 fold lower in the tumors from the c-fos''' mice compared to tumors from c-fos +/+ mice, 
thereby demonstrating that^c-fos is necessary for the full induction of VEGF and vascularization 
of tumor cells. 

As shown above, Orlandini et al. is insufficient to support a prima facie case of lack of 
utility. First, Orlandini et al. concerns a different cell type than the specialized pericyte cells 
used in Example 60 of the instant application. Accordingly, Orlandini et al. is irrelevant to 
Appellants' asserted utilities and provides no evidentiary weight that the skilled artisan would 
doubt Appellants' utilities. Even if Orlandini et al. was relevant to Appellants' asserted utilities, 
the authors of Orlandini et al. question their own conclusions about c-fos regulation of VEGF in 
view of Saez et al., which is more probative of Appellants' asserted utilities. Saez et al. 
demonstrates the link between c-fos induction, VEGF induction, and vascularization of tumors. 
Thus, the totality of the evidence weighs in favor of Appellants' asserted utilities. 

e. Conclusion - The Examiner has failed to establish a prima facie case 

that one of skill in the art would doubt Appellants 9 asserted utility 

The Examiner has relied on essentially three arguments in rejecting the pending claims 

for lack of utility. First, the Examiner presents several articles demonstrating that various stimuli 

induce c-fos in various cell types, and argues that in view of these references, the ability to 

induce c-fos in pericytes "does not provide any meaningful or definitive evidence that PR0444 

could be used as therapeutics in treatment of pathological angiogenesis or any other clinical 
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conditions." Final Office Action at 7. Second, the Examiner proffers two articles that allegedly 
demonstrate that the role of pericytes in angiogenesis is not well understood, and argues that the 
references show that the skilled artisan would not believe that induction of cfos in pericytes is 
associated with cancer or the onset of angiogenesis. Finally, the Examiner argues that the 
connection between cfos, AP-1, and VEGF is "not obvious" relying on Orlandini et al. as 
support. Appellants have responded to each of these arguments in turn. 

Appellants have shown that the data in Example 60 are sufficient to establish that 
PR0444 is useful in the treatment of certain tumors and as a stimulator of angiogenesis. The 
Examiner has not provided any relevant reason or evidence for one of skill in the art to doubt the 
usefulness of PR0444. 

Next Appellants have shown that each and every reference relied upon by the Examiner 
is either irrelevant to Appellants' asserted utilities or provides further evidence of Appellants' 
asserted utilities. First, Appellants have shown that Janknecht et al., Herrera et al., Kovaks et al., 
and Coulon et al. fail to mention pericyte cells or c-fos activation in pericyte cells. Thus, they 
carry no evidentiary weight in establishing a prima facie case that the skilled artisan would 
question the truth of Appellants' asserted utilities. Moreover, Janknecht et al. establishes that c- 
fos and VEGF are both regulated by the same signals {e.g., through the Ras/Raf-1 and cAMP 
pathways), and confirms that it was known in the art that c-fos is a transcriptional regulator 
involved in cellular proliferation and differentiation. Herrera et al. propose that c-fos is involved 
in wound healing in the brain. Appellants have shown that the two references relied upon by the 
Examiner that particularly concern c-fos induction in pericytes, Sakurai et al. and Otani et al., 
teach that c-fos induction leads to VEGF expression in pericytes and that antagonists of inducers 
of c-fos in pericytes are useful in treating pathogenic neovascularization, respectively, thereby 
providing strong evidence in support of Appellants' utilities. Second, Appellants have shown 
that Diaz-Florez et al and Ozerdem et al. both teach that pericytes have known functions in both 
early and late stages of angiogenesis by promoting cellular proliferation and by facilitating the 
survival of newly formed vasculature. Finally, Appellants have shown that Orlandini et al. is not 
probative of Appellants' asserted utilities since it concerns cfos expression in fibroblast cells 
and not pericyte cells and that Orlandini et al. explicitly states that in vivo studies of Saez et al. 
directly contradict the conclusions regarding c-fos induction of VEGF expression that the authors 
draw from their own data. Thus, Orlandini et al. is not strong evidence regarding regulation of 
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VEGF expression overall, and provides no evidence regarding VEGF expression in pericyte cells. 
Notably, Saez et al., which is not limited to fibroblast cells, teaches that c-fos correlates with 
increased VEGF mRNA levels in tumors, and that tumors in c-/os-deficient mice lack external 
vascularization. In other words, Saez et al. provides a link between c-fos expression, VEGF 
expression, and vascularization, fully consistent with Appellants' asserted utilities. 

Taken together, the Examiner's arguments are not sufficient to satisfy the Examiner's . 
burden to "provide[] evidence showing that one of ordinary skill in the art would reasonably 
doubt the asserted utility." In re Brana, 51 F.3d 1560, 1566, 34 U.S.P.Q.2d 1436 (Fed. Cir. 
1995). The Examiner's arguments are not supported by any substantial relevant evidence or 
reasoning which explains why one of ordinary skill in the art would reasonably doubt the 
asserted utility. Therefore, the Board should accept the Appellants' disclosure of utility. See Ex 
parte Rubin, 5 U.S.P.Q. 2d 1461 (Bd. Pat. App. & Interf. 1987) ("There is no factual support in 
this record for the examiner's questioning of the denaturation test reported in the specification. 
... No reason to doubt 'the objective truth' of the asserted utility having been advanced by the 
examiner, we accept appellant's disclosure of utility corresponding in scope to the claimed 
subject matter."). 

7. Appellants have provided Sufficient Rebuttal Evidence of Utility 

"Only after the PTO provides evidence showing that one of ordinary skill in the art would 

reasonably doubt the asserted utility does the burden shift to the applicant to provide rebuttal 

evidence." In re Brana, 51 F.3d 1560, 1566, 34 U.S.P.Q.2d 1436 (Fed. Cir. 1995). The rebuttal 

evidence must be sufficient such that when it is considered as a whole, it is more likely than not 

that the asserted utility is true. See In re Oetiker, 977 F.2d 1443, 1445, 24 U.S.P.Q.2d 1443, 

1444 (Fed. Cir. 1992) (stating that the evidentiary standard to be used throughout ex parte 

examination in setting forth a rejection is a preponderance of the evidence, or "more likely than 

not" standard). The M.P.E.P. summarizes the standard of proof required: 

[T]he applicant does not have to provide evidence sufficient to establish that an 
asserted utility is true "beyond a reasonable doubt." Nor must the applicant 
provide evidence such that it establishes an asserted utility as a matter of 
statistical certainty. Instead, evidence will be sufficient if, considered as a whole, 
it leads a person of ordinary skill in the art to conclude that the asserted utility is 
more likely than not true . M.P.E.P. § 2107.02, part VII (emphasis in original, 
citations omitted). 
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Appellants remind the Board that the Federal Circuit has stated that the standard for satisfying 
the utility requirement is a low one: "The threshold of utility is not high: An invention is 'useful' 
under section 101 if it is capable of providing some identifiable benefit." Juicy Whip, Inc. v. 
Orange Bang, Inc., 185 F.3d 1364, 1366, 51 U.S.P.Q. 2d 1700 (Fed. Cir. 1999). 

Even if the Examiner has satisfied her burden of presenting a prima facie case of lack of 
utility, Appellants have supplied more than enough rebuttal evidence, such that when considered 
as a whole, one of skill in the art would conclude that the asserted utility is more likely than not 
true. Specifically, Appellants have provided evidence that at the time of filing of the instant 
application, pericytes were known to have specific roles in angiogenesis in both the formation of 
new blood vessels and the survival of newly formed vasculature. In addition, Appellants have 
provided evidence demonstrating that at the time of filing of the instant application, VEGF was 
known to be a potent angiogenic factor involved in both cellular proliferation in connection with 
neovascularization, as well as survival of newly formed vasculature. Appellants also provided 
evidence that at the time of filing c-fos was well known to function as a component of the AP-1 
transcription factor, which was a recognized regulator of VEGF expression. Finally, in addition 
to the evidence relied upon by the Examiner in which skilled artisans have articulated the very 
same utilities for regulators of c-fos in pericytes as set forth in Appellants' specification, 
Appellants have provided evidence that skilled artisans have in fact looked to upstream 
regulators of VEGF expression similar to PR0444 as targets for blocking angiogenesis in tumor 
therapy. Therefore, considering the evidence as a whole, one of skill in the art would not doubt 
that the claimed antibodies are useful as therapeutic targets for pericyte-associated tumors and as 
stimulators of angiogenesis. 

a. Appellants have established that pericytes have established specific roles 
in angiogenesis 

As discussed above, the Examiner has not provided any relevant evidence or reasoning 
that demonstrates that pericytes do not have specific roles in angiogenesis recognized by those 
skilled in the art. In contrast to this complete lack of relevant evidence on the part of the 
Examiner, Appellants have submitted several references that pre-date the instant application that 
discuss specific roles of pericytes in angiogenesis. 
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Nehls et al. ((1992) Cell Tissue Res. 270:469-474) describes pericyte involvement in 
capillary sprouting during angiogenesis in situ. The authors induced angiogenesis in mouse 
mesentery tissue and used immunofluorescence to identify pericytes. The authors found that 
pericytes were regularly positioned at and in front of the advancing tips of endothelial sprouts, 
and bridging gaps between the leading edges of endothelial sprouts. The authors concluded that 
pericytes are involved in capillary sprouting, 

Rhodin et al. also found that pericytes are regularly found in association with capillary 
sprouts. Rhodin et al., (1989), J. Submicrosc. Cytol Pathol 21:1-34, 12. As such, the results of 
Rhodin reinforce the conclusions reached by Nehls, i.e., that pericytes are involved in capillary 
sprouting. 

Diaz-Florez et al. is a review article published prior to the filing date of the present 
application and was originally cited by the Examiner in the Office Action mailed July 21, 2005. 
Diaz-Florez demonstrates that at the time of filing, pericytes had known, specific roles in 
angiogenesis. More specifically, Diaz-Florez states that "most of the authors are of the opinion 
that the involvement of capillaries with pericytes occurs at the end of the proliferative stage," (Id. 
at 818), which Appellants submit is addressed in studies demonstrating the role of pericytes in 
survival of newly formed vasculature, discussed further below. Diaz-Florez also addresses 
studies that show that pericytes play an early role angiogenesis. Other studies referred to in 
Diaz-Florez showed "fusion of pericytes with the endothelium at the point of active 
angiogenesis. . .and the presence of cytoplasmic processes of pericytes and EC caving in on each 
other. . .in the early stages of neovascularization. . .[and] nascent pericytes showing cellular 
processes advancing at the tips of endothelial sprouts. . .suggesting that pericytes may serve as 
guiding structures of EC outgrowth." Id In the final Office Action, the Examiner does not 
address Appellants' assertions regarding the specific teachings of Diaz-Florez. 

In addition to these references, Appellants previously submitted review articles by 

Balabanov et al. and Ellis et al. that summarize what was known at the time the instant 

application was filed regarding the role of pericytes in angiogenesis. Balabanov et al. was 

published four months after the filing date of the instant application, and echoes the teachings of 

Nehls et al., Rhodin et al. and Diaz-Florez et al., above, stating: 

[p]erictyes have been implicated in all three stages of new vessel formation: 1) 
initiation, 2) sprout extension and migration, 3) maturation and cessation of 
growth. (Hirshi and D'Amore, 1997) At the initiation phase pericytes respond to 

-25- 



Appl. No. : 10/066,273 

Filed : February 1, 2002 



a number of angiogenic stimuli As a result, they undergo activation, degrade the 
basement membrane, and migrate out of the microvessels. (Diaz-Florez et al., 
1994). Pericytes guide the migrating endothelial cell, regulate their proliferation, 
and form connections between newly formed sprouts (Hirshi and D'Amore, 1997; 
Diaz-Florez et al., 1994; Nehls et al., 1992). Such functions are thought to be 
mediated through TGFp-1 (Orlidge and D'Amore, 1987; Sato and Rifkin, 1989), 
vascular endothelial growth factor (Hirshi and D'Amore, 1997, Kim et al., 1998). 
Balabanov et al. at 640. 

Each and every reference cited within Balabanov et al. in the passage above was 
published prior to Appellants' filing date. 

Ellis et al. is yet another review article concerning the role of pericytes in angiogenesis as 
it relates to tumor biology. Ellis, (2002), Oncology 16(5): 14-22. Ellis explains that "the tumor 
microenvironment is a caustic one. . .[therefore, for these fragile endothelial cells [that represent 
the new primitive capillary network] to survive, they must be exposed to endothelial cell survival 
factors. . .Endothelial cell survival factors include pericytes that may stabilize endothelium. . .by 
secretion of endothelial cell survival factors such as VEGF." Ellis, at 20. As such, Ellis et al. 
underscores the fact that it was known that one of the roles in angiogenesis that pericytes play is 
to promote survival of newly formed vasculature by secreting VEGF. 

Finally, Ozerdem et al., entitled "Early contribution of pericytes to angiogenic sprouting 
and tube formation," is a publication that was originally cited by the Examiner in the Office 
Action dated March 16, 2005 for the proposition that pericytes "role in formation of tumor 
neovasculature is currently not fully understood and varies depending on type of tissue and 
tumor (see page 241, 242, and 246)." To further refine studies regarding the role of pericytes in 
vascularization of tumors, Ozerdem et al. utilized immunofluorescence to analyze the 
composition of angiogenic sprouts. The authors found the occurrence of pericyte tubes in early 
carcinoma tumors, noting the presence of "entire vessels [that] appear to be composed of 
pericyte tubes," and "large numbers of individual pericytes invading the tumors." Ozerdem et al. 
at 243. Ozerdem et al also found "the pericytes and endothelial cells are both present at the 
growing tip of the vascular sprout ." Id. The authors conclude that " activated. . .pericytes play an 
early role in the development of angiogenic sprouts and vessels, " and emphasize the early 
participation of pericytes in both physiological and pathological angiogenesis. Id. These 
findings and conclusions reinforce the findings and conclusions in the earlier studies of Nehls, 
Rhodin and the studies discussed in Diaz-Florez et al. and Balabanov et al. Even further, 
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Ozerdem et al. provides the suggestion that, due to their specific roles in angiogenesis, "pericytes 
represent an additional target for treatments designed either to up-regulate (for example in 
ischemic disorders), or down-regulate (for example in cancer) vascularization." Id. at 248. This 
unambiguously demonstrates that the skilled artisan would believe Appellants' asserted utilities. 

Finally, Appellants previously submitted a Declaration by Dr. Mary Gerritsen as 
evidence in support of the asserted utilities. Dr. Gerritsen testifies that "pericytes help regulate 
capillary permeability and stabilize newly formed blood vessels" and that "pericytes play an 
important role in regulating angiogenesis." (Gerritsen Decl., %6). The pre-filing publications of 
Nehls et al., Rhodin et al. and Diaz-Florez et al., the pre-filing publications referenced in 
Balabanov et al., as well as Ellis et al. and Ozerdem et al. al] illustrate the same, specific roles for 
pericytes in angiogenesis testified to by Dr. Gerritsen. The Examiner has offered no reasoning or 
evidence that contradicts Appellants' evidence, including the teachings of the references 
discussed above and Dr. Gerritsen's testimony, or establishes that the skilled artisan would have 
a legitimate basis to doubt the credibility of Dr. Gerritsen's testimony. 

The Examiner's assertion that "there appears to be no information available at the time of 
filing of [pericyte' s] specific role in angiogenesis," {Final Office Action at 4) is incorrect in view 
of the evidence discussed above. In fact, all of the evidence of record concerning pericytes 
demonstrates that at the time the instant application was filed, pericytes were known to be 
involved in angiogenesis in at least two capacities: endothelial sprout formation and survival of 
newly formed vasculature. 

b. Appellants have established that VEGF has an established role in 
ansiosenesis 

Appellants next turn to the second portion of their argument in support of their asserted 
utility - that VEGF has well-established roles in angiogenesis, both in inducing cellular 
proliferation and vascular permeability, and in promoting survival of newly-formed vasculature. 
In the section above, Appellants provided several pre-filing references that demonstrated that 
these same activities are mediated by pericyte cells. 

At the time of filing of the instant application, studies had demonstrated that VEGF is 
involved in survival of endothelial cells in newly formed vessels. Alon et al., (1995), Nat. Med. 
1(10): 1024-1028, examined the role of VEGF in retinopathy of prematurity (ROP), a disorder 
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that ultimately results in blindness. It was generally accepted at the time that VEGF caused the 
abnormal vasoproliferation in ROP. Alon et al. showed that the absence of VEGF during the 
early stage in ROP resulted in blood vessel regression. Exogenously added VEGF reversed this 
process. Thus, Alon et al. concluded that VEGF is involved in survival of newly formed 
vasculature. 

The studies of Benjamin et al. (1997), Proc. Nat. Acad. USA 94:8761-8766, confirm the 
role of VEGF in survival of newly-formed vasculature reported in Alon et al. Benjamin et al. 
engineered tumor cells in which VEGF expression could be induced or shut off. These cells 
were then injected into mice to study the effects of VEGF expression on tumor vascularization. 
Not surprisingly, the authors found that over expression of VEGF results in tumor 
hypervascularity. On the other hand, when VEGF expression was shut off, preformed tumor 
vessels regressed. Benjamin et al. concluded "VEGF is required for maintenance of. . .tumor 
vessels." Id at 8762. In a section entitled "Clinical Implications of Vascular Regression Caused 
by VEGF Withdrawal," Benjamin et al. state that the "finding that newly formed or remodeling 
blood vessels require sustained VEGF levels will be critical in the success of many angiogenic 
and anti-angiogenic therapies." Id, at 8675. 

Appellants also submitted Ferrera et al. ((1995) Breast Cancer Res. and Treat. 36:127- 
137) as evidence demonstrating the involvement of VEGF in inducing cellular proliferation 
involved in angiogenesis. Ferrera et al. cite several references showing that "VEGF is a potent 
mitogen. . .for vascular endothelial cells." Id. at 128. Ferrera et al. also reference early studies 
demonstrating that VEGF promotes angiogenesis in a tridimensional in vitro model, inducing 
confluent microvascular endothelial cells to invade a collagen gel and form tube-like structures. 
Id In addition, Ferrera et al. teaches that it was known that VEGF promotes vascular 
permeability for vascular endothelial cells. Ferrara, et al. at 127. Ferrera et al. teaches that prior 
to 1995, VEGF was thought to function in a paracrine fashion. Ferrera et al., at 128. Notably, 
the study of Otani et al., submitted by the Examiner, confirms the earlier teachings of Ferrara et 
al., stating that "VEGF. . .produced by pericytes, induce[s] endothelial cell growth in a paracrine 
manner indicating] a proliferative effect of pericytes." Otani et al., at 1 197. 

Appellants submit that the references cited above demonstrate that at the time the 
Application was filed, those skilled in the art appreciated the critical role of VEGF in 
angiogenesis, as required for inducing proliferation of vascular endothelial cells, survival of 
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newly formed vasculature, and vascular permeability. This led Kolch et al. to describe VEGF as 
"the pivotal mediator of pathophysiological angiogenesis." Kolch et al. at 139. The Examiner 
has not offered any evidence that calls into question Applicants' assertions. 

The Examiner has conceded that "the role of angiogenic [sic] factor VEGF is well 
established." Final Office Action at 5. The Examiner has also conceded that "[t]here is also no 
dispute that the art at the time of filing discloses that pericytes could secrete VEGF." Id. 
Nevertheless, the Examiner maintains that "the art at the time of the invention does no [sic] 
substantiate the nexus between stimulation of c-fos in pericytes and their involvement, positive 
or negative, in angiogenesis." Office Action at 5. Appellants submit that the totality of the 
evidence clearly demonstrates the relationship between VEGF expression and the role of pericyte 
involvement in angiogenesis. As discussed below, Appellants have also provided several 
references demonstrating that c-fos is a known regulator of VEGF expression. 

c. Appellants have established that c-fos stimulates VEGF expression 

Appellants next turn to the final portion of their argument in support of their asserted 
utility - that at the time of filing, cfos was known to be part of transcription factor AP-1, and that 
AP-1 was known to regulate VEGF expression. 

The evidence submitted by the Examiner demonstrates that at the time of filing, it was 
well known that c-fos is a component of the AP-1 transcription factor. Citing to a textbook on 
transcriptional regulators, Janknecht teaches that "the cfos gene encodes a basic region-Ieucine 
zipper transcription factor that requires heterodimerization with a member of the Jun family for 
stable DNA binding. Fos/Jun heterodimers are present in the AP-1 transcription factor." 
Janknecht at 443. Thus, there is a clear, "obvious" relationship between c-fos and AP-1 . 

. Appellants previously submitted Tischer et al. (1991), J. Biol Chem. 266(1 8): 1 1947- 
1 1954; Shima, et al, (1996) J. Biol Chem. 271(7):3877-3882, 3882; and Kolch et al. as evidence 
that at the time of filing, AP-1 was known to regulate VEGF expression. 

In 1990, Tischer et al. analyzed the human gene for VEGF. Tischer et al. (1991), J. Biol 
Chem. 266(1 8): 1 1947-1 1954. The authors found that the promoter region for hVEGF contains 
several AP-1 binding sites, suggesting that c-fos is a regulator of VEGF expression. Tischer at 
1 1953. Similarly, the structure of the mouse VEGF gene revealed "multiple consensus binding 
sties for AP-1." Shima, et al., (1996) J. Biol Chem. 271(7):3877-3882, 3882. In Kolch's review 
"Regulation of the expression of the VEGF/VPS and its receptors: role in tumor angiogenesis," 
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Kolch summarizes the state of the art in 1995 stating that "[a]t present, a comprehensive 
assessment of several studies highlights the AP-1 transcription factor as an important 
common denominator for the regulation of VEGF expression /' Kolch, at 144, emphasis 
added. 

The art available at the time of filing demonstrates that c-fos and VEGF are regulated 
through the same signal transduction pathways, explaining the fact that regulators that function 
to stimulate c-fos also stimulate VEGF expression. More particularly, Kolch et al. highlights 
various pathways in which both c-fos and VEGF expression are regulated, including through the 
Ras/Raf pathway. Id. at 144-145. Janknecht et al. teaches that the Ras/Raf-1 pathway is 
involved in regulation of c-fos by both growth factors and UV light. Janknecht et al. at 444-445. 
Importantly, Kolch et al. also links the induction of c-fos expression through the Raf and Ras 
pathways with conversion to a tumorigenic phenotype through activation of VEGF. Id at 145. 
Janknecht et al. also teaches that c-fos is regulated by cAMP. As discussed above, Kolch et al. 
and Sakurai et al. both teach that VEGF is regulated by cAMP. Kolch et al. at 141; Sakurai et al. 
at 2780. Thus, in view of the fact that the same pathways regulate both c-fos and VEGF, the 
Examiner's assertions that since growth factors and UV light induce c-fos, the skilled artisan 
would not believe Appellants' asserted utilities are not convincing. Rather, in view of Janknecht 
et al. and Kolch et al., the skilled artisan would be led to believe that more likely than not, the 
same stimuli would also induce VEGF expression. Thus, the literature at the time of filing 
establishes the link between c-fos regulation and VEGF regulation. 

Appellants also previously submitted a review article by McColl et al. which articulates 
Appellants' reasoning regarding the specificity of molecules such as PR0444 in the following 
statement: "since fos is upregulated by [various stimuli including growth factors], VEGF 
expression could also be elevated in response to these stimuli, as is indeed the case"' McColl et 
al., (2004) APMIS 1 12:463-480, 467 and references cited therein (emphasis added). 

Appellants submit that the references discussed above demonstrate that at the time the 
instant application was filed, those skilled in the art appreciated the role of c-fos in VEGF 
expression, and hence, the role of cfos in the angiogenic process, including neovascularization 
and stabilization of newly formed vasculature. 
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d. Appellants have established that skilled artisans believe that indirect 
regulators of angiogenic factors are useful as therapeutic targets for 
cancer therapy 

As Dr. Gerritsen testified, "a skilled artisan would reasonably conclude that neutralizing 
compounds capable of stimulating c-fos expression in pericytes (e.g., PR0444) could be useful 
in preventing the onset and/or progression of cancer and/or angiogenesis." Gerritsen Decl., ^6. 
The numerous references of record that are discussed above fully support this proposition. As 
even further proof of this principle, however, Appellants previously submitted a review article 
entitled "Synopsis of Angiogenesis Inhibitors in Oncology." Ellis et al., (2002) Oncology 
16(5): 14-22. Ellis et al. teaches that in 2002, scientists had proposed and had been working 
towards developing anti-angiogenic therapies for the treatment of cancer that fell into four 
different categories: (1) those that decrease the activity of specific angiogenic factors; (2) those 
that decrease the activity of endothelial survival factors; (3) those that increase the activity of 
naturally occurring anti-angiogenic agents; and (4) those that indirectly downregulate activity of 
angiogenic and survival factors . Ellis et al. at 18 (emphasis added). For the purposes of 
discussion in the review, Ellis et al. use VEGF as "the prototype molecule used to describe 
strategies to decrease the activity of angiogenic factors." Id. In the discussion of the second 
strategy, Ellis et al. states that "[endothelial cell survival factors include pericytes that may 
stabilize endothelium. . .by secretion of endothelial cell survival factors such as VEGF." In other 
words, Ellis et al. teaches that by 2002, skilled artisans had been looking to factors that regulate 
VEGF expression in pericyte cells as cancer therapeutics. Furthermore, in the discussion of the 
fourth strategy, Ellis et al. states that "strategies that downregulate the upstream signaling 
pathways to VEGF. . .may indirectly downregulate VEGF activity and angiogenesis." Id. at 20. 
At the time of filing, it was known that c-fos represented an upstream signaling pathway to 
VEGF. See, Kolch et al. 145. As such, Ellis et al. teaches that by 2002, skilled artisans had been 
looking at factors to downregulate molecules such as c-fos as cancer therapeutics. Ellis et al. 
provides direct evidence that demonstrates that skilled artisans had actually contemplated the use 
of upstream regulators of VEGF (e.g., PR0444) to identify antagonists for use in cancer therapy. 

As even further proof of Appellants' asserted utilities, Appellants also previously 
submitted evidence demonstrating that that the first strategy proposed by Ellis, i.e., directly 
targeting or neutralizing the activity of angiogenic factors such as VEGF, has been demonstrated 
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to be effective. A VEGF-specific antibody, bevacizumab, has been successfully used to treat 
several cancer types. See, Kirkpatrick, P., (2005), Nat. Rev. Drug Disc. S8-S9. Willett et al. 
report that bevacizumab has antivascular effects in human rectal cancer. Willett et al. (2004) 
Nature Medicine, 10(2): 145-147. Regardless of their publication date, Ellis et al. Kirkpatrick, 
and Willet et al. summarize years of study involving the identification of regulators of VEGF as 
cancer therapeutics, and each is irrefutable proof of the truth of Appellants' asserted utilities. 

e. Conclusion 

As a whole, the evidence of record establishes that skilled artisans more likely than not 
believe that pericyte cells function in angiogenesis by inducing proliferation of vascular 
endothelial cells and promoting survival of newly formed vasculature; that VEGF is a potent 
angiogenic factor that induces proliferation of vascular endothelial cells and promotes survival of 
newly formed vasculature; and that c-fos is directly involved in VEGF expression, particularly in 
pericyte cells. Given the overwhelming amount of evidence in support of Appellants' position, 
including publications that expressly articulate Appellants' asserted utilities, and the near 
absence of any relevant evidence in support of the Examiner's position, when considered as a 
whole, the evidence leads a person of ordinary skill in the art to conclude that the asserted utility 
is more likely than not true. 

8, The Examiner's Response to Appellants 9 Evidence is Insufficient to Rebut 

Appellants 9 Arguments 
The Examiner has concluded that the teachings of the specification, the scientific 
references, the declaration of Dr. Gerritsen, and supporting arguments provided by Appellants 
are not persuasive. See, e.g., Final Office Action at 8. 

a. The Examiner's Response to the Nehls, Rhodin, Diaz-Florez* Balabanov 
and Ellis references 

Appellants submitted several references including Nehls et al., Rhodin et al., Diaz-Florez 

et al. Balabanov et al., and Ellis et al. as evidence that prior to the filing date of the instant 

application, those skilled in the art appreciated the specific roles of pericytes in angiogenesis as 

both stimulators of endothelial cell proliferation and as mediators of survival of newly formed 

vasculature. In response to Appellants' evidentiary showing, the Examiner states: 

Beginning at page 7 of the Response, Applicant submits that at the time of the 
filing, the role of pericytes in angiogenesis was fully established and refers to 
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articles by Nehls et al., Phodin et al. [sic] and Ozerdam et al. [sic] (the last cited 
by the Examiner in the previous office action of record). First, it is important to 
clarify that the Examiner never disputed that pericytes have a role in angiogenesis. 
Anatomically, as part of vasculature, pericytes are reasonably expected to play a 
significant role in formation of new blood vessels or angiogenesis. However, 
there appears to be no information available at the time of filing regarding their 
specific role in angiogenesis (see Applicant's cited art). Moreover, information 
presented in post-filing publication of Ozerdem et al., 2003, clearly indicates that 
it is presently not fully understood if stimulation of pericytes results in up- 
regulation or down regulation of vascularization (middle at page 8 of the 
Response). More importantly, the art at the time of invention does no [sic] 
substantiate the nexus between stimulation of cfos in pericytes and their 
involvement, positive or negative, in angiogenesis (see specifically Applicant's 
reasoning on pages 10-11 of the Response). Final Office Action, at 4-5 (emphasis 
added). 

As an initial matter, Appellants' Response to Office Action never alleged that the role of 
pericytes in angiogenesis was "fully established." Rather, Appellants stated that the several 
references "illustrate] the state of the art regarding pericyte control of angiogenesis at the time 
the application was filed." Amendment and Response to Office Action mailed October 18, 2005. 
As described above, Nehls et al., Rhodin et al., and Diaz-Florez et al. are each references 
published prior to Appellants' effective filing date that enumerate specific functions of pericyte 
cells in angiogenesis {e.g., proliferation and survival of newly formed vasculature). Without 
addressing the contents of these references, the Examiner makes the conclusory statement that 
"there appears to be no information available. . .regarding [pericyte's] specific role in 
angiogenesis." Final Office Action at 4. 

The Examiner is silent regarding Appellants' assertions regarding the teachings of Diaz- 
Florez et al., originally submitted by the Examiner in support of her assertion that "the art 
teaches that process [sic] angiogenesis or neovascularization is controversial and not fully 
understood." Office Action mailed July 21, 2005 at 3. 

The Examiner also fails to specifically address Balabanov et al. As Appellants pointed 
out in the Amendment and Response filed on October 15, 2005, Balabanov et al. is a review 
article that summarizes the state of the art at the time the instant application was filed. 
Balabanov et al. was received for publication in June 1998, a mere four months prior to 
Appellants' priority date of October 28, 1998. In the Amendment and Response mailed October 
18, 2005, Appellants cited to a passage in Balabanov et al. that in turn cites to several pre-filing 
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references that enumerate the specific roles of pericytes in angiogenesis and attribute several of 
the specific angiogenic functions of pericytes to the secretion of VEGF . Although the Examiner 
fails to mention Balabanov et al., assuming that the Examiner's dismissal of this reference as 
evidence is based on the publication date of Balabanov et al. 5 Appellants maintain that the 
Examiner's failure to consider the evidence is without merit. 

As discussed above, the Examiner never fairly addressed Appellants' citation to the 
Ozerdem et al. reference (originally cited by the Examiner) as evidence that supports rather than 
disproves Appellants' asserted utilities. As discussed above, Ozerdem et al. reconfirms the 
teachings of Nehls et al. and Rhodin et al. demonstrating that pericytes are present at the tips of 
angiogenic sprouts, conclude that "activated. . .pericytes play an early role in the development of 
angiogenic sprouts and vessels," and underscore the early participation of pericytes in both 
physiological and pathological angiogenesis. In response, the Examiner mischaracterizes 
Appellants' citation of Ozerdem et al., making the misleading assertion that "information 
presented in post-filing [sic] publication of Ozerdem et al., 2003, clearly indicates that it is 
presently not fully understood if stimulation of pericytes results in up-regulation or down- 
regulation of vascularization." Final Office Action at 5. Surprisingly, the Examiner maintains 
this position in the Advisory Action even after Appellants pointed out that the Examiner 
mischaracterized or misinterpreted the reference and that Ozerdem et al. teaches that, like 
Appellants have asserted, depending on the type of disorder (e.g. ischemia or cancer), the skilled 
artisan would recognize that pericytes are useful targets to either induce or inhibit vascularization. 

Finally, the Examiner dismisses the publication of Ellis et al., stating that "with respect to 
the publications used in discussion on pages 12-13 (including Ellis et al.), Applicant is advised 
that the asserted utility cannot be relied upon disclosure [sic] available after the filing date of the 
instant specification. As with Balabanov et al., Ellis et al. is a review article that summarizes the 
state of the art as reflected by several studies published to date, many of which, as Appellants' 
have pointed out, pre-date the filing date of the instant application. 

b. The Examiner's Response to the Alon, Ferrera, Pepper, and Benjamin, 
References 

Appellants submitted the Alon et al., Ferrera et al., Benjamin et al., and Pepper et al. 
references as evidence that at the time of filing, VEGF was a well-known angiogenic factor that 
has biological activities such as inducing proliferation of endothelial cells, promoting survival of 
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endothelial cells, and inducing vascular permeability - specific activities that were attributed to 
pericyte cells at the time of filing of the instant application. 

In response to Appellants' evidentiary showing, the Examiner concedes that "the role of 
VEGF is well established. There is also no dispute that the art at the time of filing discloses that 
pericytes could secrete VEGF." Final Office Action at 5. 

c. The Examiner's Response to the Tischer, Shima, Kolch and Janknecht 
References 

Appellants submitted the Tischer et al., Shima et al., Kolch et al. and Janknecht et al. 

references as evidence that at the time of filing, the skilled artisan appreciated that c-fos is a 

subunit of AP-1, a known regulator of VEGF expression. In response to Appellants' evidentiary 

showing, the Examiner states: 

Applicant argues at pages 11-12 that because c-fos encodes a subunit of the 
nuclear transcription factor AP-1 and because AP-1 plays a role in the expression 
of VEGF, then c-fos stimulates VEGF expression. Applicant's arguments as well 
as presented articles by Tischer et al., Shima et al., and Kolch have been fully 
considered but are not persuasive because the relationship between c-fos, AP-1 
and VEGF expression is not obvious. Applicant's reasoning lacks support in 
the specification as originally filed and also in the publications of record because 
there appears to be no indication that induction of expression of c-fos 
protooncogene that is known to be induced by many cellular stimuli, including 
growth factors, cytokines, T-cell activators, UV irradiation, hypoxia and PMA 
(see reasoning in the previous office actions of record and also Orlandi [sic] et al, 
1996, Proc. Natl. Acad. Sci., USA, Vol. 93, pp. 1675 [s/c]-11680) leads to 
stimulation of VEGF expression by means of AP-1 transcription factor. On the 
contrary, Orlandi [sic] et al. publication discloses that, for example, in fibroblasts 
VEGF expression is unaffected by c-fos. Final Office Action at 7 (emphasis 
added). 

As demonstrated above, the Examiner has offered no reasoning or evidence that 
contradicts Appellants' evidentiary showing of Janknecht et al. that c-fos is a subunit of the AP-1 
transcription factor. The Examiner has offered no reasoning or evidence that contradicts 
Appellants' evidentiary showing of Tischer et al. and Shima et al. that the regulatory region of 
the VEGF gene contains AP-1 binding sites. As such, the skilled artisan would believe that 
inducers of c-fos would in turn induce VEGF expression. Appellants have provided evidence 
that establishes that c-fos and VEGF are in fact regulated by the same signal transduction 
pathways, e.g., Ras/Raf-1 and cAMP, and that c-fos functions to induce VEGF expression. The 
only evidence offered by the Examiner to contradict Kolch et al., which states that "a 
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comprehensive assessment of several studies highlights the AP-1 transcription factor as an 
important common denominator for the regulation of VEGF expression," is an article by 
Orlandini et al. As discussed above, Orlandini et al. is not contradictory to Appellants' evidence. 
Orlandini et al. is a study done in fibroblast cells, and therefore has no bearing on the regulation 
of VEGF expression in pericyte cells. Furthermore, Orlandini et al. call into question this very 
conclusion in view of the evidence that c-fos regulates VEGF expression in vivo. 

d. The Examiner's Response to the Gerritsen Declaration 

Appellants submitted a declaration under 37 C.F.R. § 1.131 by Dr. Mary Gerritsen as 
evidence that the compounds identified in Example 60, e.g., PR0444, have a specific biological 
activity, and that induction of c-fos in pericytes is not a generalized response. Dr. Gerritsen' s 
testimony was also provided as evidence that pericytes are unique cells that have specific roles in 
angiogenesis, including both the stabilization of newly formed blood vessels and the regulation 
of capillary permeability. 

In response to Dr. Gerritsen' s testimony, the Examiner states that "the Declaration of 
Gerristen represents Dr. Gerritsen' s own conclusions with no references to scientific 
publications." Office Action mailed March 16, 2005 at 4. According to the Examiner, the 
testimony in the Gerritsen declaration further establishes that "there appears to be no specific 
biological function that could be particularly attributed to PR0444 with respect to its ability to 
activate c-fos expression in pericytes," and that "there appears to be no clear physiological 
meaning attributed to the activation of cfos by PR0444 at the time of filing." Id. at 5-6. In the 
final Office Action, the Examiner maintains that "the Declaration is insufficient to overcome the 
instant rejection because it does not provide support for the relationship between expression of c- 
fos in pericytes and angiogenesis." Final Office Action at 6. 

Appellants maintain that the Examiner has not heeded the admonition that "Office 
personnel must accept an opinion from a qualified expert that is based upon relevant facts whose 
accuracy is not being questioned." M.P.E.P. § 2107. In addition, declarations relating to issues 
of fact should not be summarily dismissed as "opinions" without an adequate explanation of how 
the declaration fails to rebut the Examiner's position. See in re Alton 76 F.3d 1168 (Fed. Cir. 
1996). As an initial matter, Appellants have submitted 15 references in addition to the several 
references cited by the Examiner, which confirm the testimony of Dr. Gerritsen and provide 
evidence of the truthfulness of Appellants' assertions. These references confirm Dr. Gerritsen' s 
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testimony that "retinal pericytes are unique cells that play an important role in. . . 
angiogenesis. . .[by] regulat[ing] capillary permeability and stabilizing] newly formed blood 
vessels." Gerritsen Decl. 1J6. See, e.g., Balabanov et al.; Alon et al.; Benjamin et al.; Ferrera at 
al. The evidence of record, including Janknecht et al., Kolch et al, and McColl et al., also 
confirms Dr. Gerritsen's testimony that "C-fos transcription factor is involved in the regulation 
of cellular growth, including cancer and angiogenesis. Growth factors capable of stimulating 
pericytes signal through the c-fos pathway." Gerritsen Decl. ^[6. See, e.g.,. Further, Ozerdem et 
al., Ellis et al., Sakurai et al, Otani et al. each provides evidence that supports Dr. Gerritsen's 
testimony that "a skilled artisan would also conclude that neutralizing compounds capable of 
stimulating c-fos expression in pericytes (e.g., PR0444) could be useful in preventing the onset 
and/or progression of cancer and/or angiogenesis." Gerritsen Decl. Tf7. On the other hand, the 
Examiner has offered no significant reason or evidence to reject the Gerritsen Declaration, and, 
therefore, there is nothing in the record to controvert these statements of the Gerritsen 
declaration. 

e. Conclusion - the Examiner's arguments are not persuasive 
In conclusion, Appellants have offered sufficient evidence to establish that it is more 
likely than not that one of skill in the art would believe that because PR0444 polypeptides 
induce c-fos in pericyte cells, PR0444 polypeptides are useful as targets for pericyte-associated 
tumors, and as stimulators of angiogenesis. This activity of the PR0444 polypeptide makes the 
antibody that specifically binds to it useful for purification of PR0444, and as a potential 
antagonist of PR0444. The references and declaration proffered by Appellants clearly support 
their asserted utility, and the Examiner has offered no relevant arguments or evidence to the 
contrary. In short, none of the Examiner's responses to Appellants' supporting evidence are 
sufficient to rebut Appellants' asserted utility. 
9. Utility - Conclusion 

Appellants' asserted utilities for the claimed antibodies as useful in the isolation of 
PR0444 polypeptides to be used as targets for therapeutics useful in the treatment of pericyte- 
associated tumors and as simulators of angiogenesis correspond in scope to the subject matter 
sought to be patented and therefore "must be taken as sufficient to satisfy the utility requirement 
of § 101 for the entire claimed subject." In re Lunger, 503 F.2d 1380, 1391, 183 U.S.P.Q. 288, 
297 (C.C.P.A. 1974). The Examiner's unsupported arguments and largely irrelevant references 
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are not sufficient evidence to make a prima facie showing that "one of ordinary skill in the art 
would reasonably doubt the asserted utility." In re Brana, 51 F.3d 1560, 1566, 34 U.S.P.Q.2d 
1436 (Fed. Cir. 1995). 

Even if the Examiner has established a prima facie case, Appellants have offered 
sufficient rebuttal evidence in the form of expert declarations and references, which, when 
considered as a whole, establish that it is more likely than not that the asserted utility is true. See 
In re Oetiker, 977 F.2d 1443, 1445, 24 U.S.P.Q.2d 1443, 1444 (Fed. Cir. 1992) (stating that the 
evidentiary standard to be used throughout ex parte examination in setting forth a rejection is a 
preponderance of the evidence, or "more likely than not" standard); M.P.E.P. at § 2107.02, part 
VII ("evidence will be sufficient if, considered as a whole, it leads a person of ordinary skill in 
the art to conclude that the asserted utility is more likely than not true .") (emphasis in original). 
Considering the evidence as a whole, the Board should find that Appellants have established at 
least one specific, substantial, and credible utility, and the Examiner's rejection of Claims 40-44 
under 35 U.S.C. §§ 101 as lacking utility should be reversed. 

C. Enablement Rejection - Detailed Argument 

The second issue before the Board is whether Appellants have enabled the pending 
claims such that one of skill in the art would be able to make and use the claimed invention. The 
Examiner has rejected pending Claims 40-44 under 35 U.S.C. §1 12, first paragraph, arguing that 
because the claimed invention is not supported by either a specific or substantial asserted utility 
or a well-established utility, one skilled in the art would not know how to use the claimed 
invention. See final Office Action at 9. For the reasons provided above, Appellants submit that 
Appellants have established at least one specific, substantial, and credible utility, and the 
Examiner's rejection of Claims 40-44 under 35 U.S.C. § 112, first paragraph, as lacking utility 
should be reversed. 

D. Conclusion 

In view of the arguments presented above, Appellants submit that the specification as 
filed provides a specific, substantial and credible utility for the claimed antibodies, and, therefore, 
the claimed subject matter also is enabled. Appellants therefore respectfully request that the 
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Board reverse the rejections of the pending claims as lacking utility under 35 U.S.C. §101, and as 
not being enabled under 35 U.S.C. §112, first paragraph. 
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Please charge any additional fees, including any fees for additional extension of time, or 
credit overpayment to Deposit Account No. 1 1-1410. 

* 

Respectfully submitted, 

KNOBBE, MARTENS, OLSON & BEAR, LLP 



Dated 




Customer No. 30,313 
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VIII. 



APPENDIX A - CLAIMS ON APPEAL 



40. An antibody that specifically binds to the polypeptide of SEQ ID NO:9. 

41 . The antibody of Claim 40 which is a monoclonal antibody. 

42. The antibody of Claim 40 which is a humanized antibody. 

43. The antibody of Claim 40 which is an antibody fragment. 

44. The antibody of Claim 40 which is labeled. 
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IX. APPENDIX B - EVIDENCE 

Attached hereto is a copy of the evidence cited in Appellants' Brief. The list of evidence 
below is accompanied by a statement setting forth where in the record that evidence was entered 
into the record by the Examiner. 



Tab 


Reference 


Submitted 


Entered 


1 


Kovaks et al 
(Neurochem. Int., 
(1998) 33-287-297) 




Cited by the Examiner in the 
Office Action dated 4/28/04 


2 


Herrera et al. (Prog. 

Neurobiol.,(1996) 

50:83-107) 




Cited by the Examiner in the 
Office Action dated 4/28/04 


■J 


Tanknppht pt nl 

(Carcinogenesis, 
(1995)3:443-450) 




Cited bv the Examiner in the 
Office Action dated 4/28/04 


4 


Sae7 pt al (Cell 

(1995) 82(5):72 1-732) 


Oripinallv submitted with 

\y 1 1 tL 11 1C41 1 J JUL/llllllvU WlLIi 

Appellants 5 Amendment and 
Response to Office Action 
mailed 7/27/04 


Considered bv the Examiner 

\_/ \_/ A A LJ A V* & V* 7 V A A * ■ * * A W^A AAA**- * 

in the Office Action mailed 
7/21/05 




lvtarrnncini pt al (Proc 

Nat. Acad. Sci. USA 
(1999) 96(17):9671- 
9676) 


Oriffinallv submitted with 
Appellants' Amendment and 
Response to Office Action 
mailed 7/27/04 


Considered bv the Examiner 
in the Office Action mailed 
7/21/05 




Oprlfiratinn hv N/farv 

Gerritsen, Ph.D. 


Oripinallv submitted with 
Appellants' Amendment and 
Response to Office Action 
mailed 1/18/05 


Considered bv Examiner in 

X_ .j* \^/ A X A ^* A ^/ W* ^» T A—/ m V*l A A * A A A AAA 

Office Action mailed 3/16/05 


7 


Coulon et al. (J. Biol. 
Chem. (1999) 
274(43):30439-30446) 




Cited by the Examiner in 
Office Action mailed 3/16/05 


Q 
O 


odKUial el til., ^llivcbl. 

Opthamol. and Vis. 
Sci. (2002) 43(8):2774- 
2781) 




Pitpd hv thp Fxaminer in 

V/H^U Y 11 Iw Lj /v lllllvl 111 

Office Action mailed 3/16/05 


9 


Otani et al. (Invest. 
Opthamol. and Vis. 
Sci. (2000) 41(5): 1192- 
1199) 




Cited by the Examiner in 
Office Action mailed 3/16/05 


10 


Ozerdem et al. 
(Angiogenesis (2003) 
6:241-249) 
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11 


McColl et al. , (APMIS 
(2004) 112:463-480) 


Originally submitted with 
Appellants' Amendment and 
Response to Office Action 
mailed 6/15/05 as Exhibit A 


Considered by Examiner in 
final Office Action mailed 
7/21/05 


12 


Diaz-Florez et al. 

/IT* 1 TT* i i| 

(Histol. Histopath. 

✓ xx xx ' x /™v xx xx r\ a ^ x 

(1994) 9:807-843) 




Cited by the Examiner in final 
Ottice Action mailed //zl/05 


13 


Alon al. (Nature 
Med. (1995) 
1(10):1024-1028) 


Originally submitted with 
Appellants Submission with 
Request for Continued 
Examination mailed 10/18/05 


Entered by Examiner in final 
Office Action mailed 
11/25/05 


14 


Benjamin a/. (Proc. 


Originally submitted with 


Entered by Examiner in final 




Nat. Acad. Sci. USA 


A. 11 ^ f"1 1 * * * A 1 

Appellants Submission with 


Office Action mailed 




(1997) 94:8761-8766) 


Request for Continued 
Examination mailed 10/18/05 


1 1/25/05 


15 


Ellis, et al. (Oncology 
(2002) 16(5) Supp. 14- 
22) 


Originally submitted with 
Appellants Submission with 
Request for Continued 
Examination mailed 10/18/05 


Entered by Examiner in final 
Office Action mailed 
11/25/05 


16 


Ferrera et al. (Breast 


Originally submitted with 


Entered by Examiner in final 




Cancer Res. Treat. 


Appellants' Submission with 


Uitice Action mailed 




(1995)36:127-137 


Request for Continued 
Examination mailed 10/18/05 


11/25/05 


17 


Fidler al. (Cancer J. 
(2000) 6(Supp. 
3):S225-236) 


Originally submitted with 
Appellants' Submission with 
Request for Continued 
Examination mailed 10/18/05 


Entered by Examiner in final 
Office Action mailed 
11/25/05 



1 8 Kirkpatrick, P. (Nature Originally submitted with Entered by Examiner in final 

(2005) S8-S9) Appellants' Submission with Office Action mailed 

Request for Continued 1 1/25/05 
Examination mailed 10/18/05 



Originally submitted with Entered by Examiner in final 

Appellants' Submission with Office Action mailed 
Request for Continued 1 1 /25/05 

Examination mailed 10/18/05 

Originally submitted with Entered by Examiner in final 
Appellants' Submission with Office Action mailed 
Request for Continued 1 1/25/05 
Examination mailed 10/18/05 

21 Rhodin et al (J. Originally submitted with Entered by Examiner in final 
Submiscrosc. Cytol. Appellants' Submission with Office Action mailed 
Pathol. (1989) 21(1): 1- Request for Continued 1 1/25/05 

34) Examination mailed 10/18/05 

22 Shima. et al (J. Biol. Originally submitted with Entered by Examiner in final 
Chem. (1996) Appellants' Submission with Office Action mailed 

27 1(7):3 877-3 883) Request for Continued 11/25/05 
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474) 
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Examination mailed 10/18/05 


23 


Tischer, e/ a/. (J. Biol. 

Chem. (1991) 

266(1 8): 1 1947-1 1954) 


Originally submitted with 
Appellants' Submission with 
Request for Continued 
Examination mailed 10/18/05 


Entered by Examiner in final 
Office Action mailed 
11/25/05 


24 


Willett, et al. (Nat. 
Med. (2004) 10(2)145- 
147) 


Originally submitted with 
Appellants' Submission with 
Request for Continued 
Examination mailed 10/18/05 


Entered by Examiner in final 
Office Action mailed 
11/25/05 


25 


Orlandini et al. (Proc. 
Nat. Acad. Sci. USA 
(1996) 93:11675- 




Cited by the Examiner in final 
Office Action mailed 
11/25/05 
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APPENDIX C - RELATED PROCEEDINGS 

There are no decisions rendered by a court or the Board in any related proceedings 

identified above. 
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Abstract 



Th.s art.de summarizes the achievements that have been accumulated about the role of c-Fos as a transcription factor and as a 
functional marker of activated neurons. Since its discovery, more than a decade ago. as an inducible immediate-earlv gene encoding 
a transcription factor, or third messenger, involved in stimulus-transcription coupling and mediation of extracellular' signals to lone- 
term changes in cellular phenotype, c-fos became the most widely used powerful tool to delineate individual neurons as well as 
extended circuitries that are responsive to wide variety of external stimuli. There still remain uncertainties as to how general is the c- 
fos induction in the central neurons, and whether the threshold of c-fos induction is comparable along a certain neuronal circuit 
The major limitation of this technology is that c-fos does not mark cells with a net inhibitory synaptic or transcriptional drive and 
c-fos induction, as a generic marker of trans-synaptic activation, does not provide evidence for transcriptional activation of specific 
target genes in a certain cell type of interest. The first part of the review focuses on recent functional data on c-fos as transcription 
factor, while the second part discusses c-fos as a cellular marker of transcriptional activity in the stress-related circuitry r 1998 
Elsevier Science Ltd. All rights reserved. 

Abbreviations:— ACTH, adrenocorticotrop hormone; ADX. adrenalectomy: AP-I. activator protein-l; ATF activator tran- 
scription factor; AVP. arginine vasopressin; BNST, Bed Nucleus of Stria Terminalis: CaM. Calmodulin; cAMP. Adenosine V-5' 
cyclic monophosphate; CRE. Ca^/cAMP response element: CREB. cAMP response element binding protein; CRF. Corticotropin- 
releasing factor; FRA, Fos-related antigen; GAD. Glutamic acid decarboxylase; hnRNA, Heterogen nuclear RNA HPA Hvpo- 
thalamo-Pitu.tary-Adrenocortical axis: IEG, Immediate-early Gene: IL-I. lnterleulin-l; JNK, c-Jun N-lerminal kinase- LH-RH 
Luteinizing hormone-releasing hormone; LPS, (bacterial) Lipopolysaccharide; MAPK, Mitogen Activated Protein kinase- NGF* 
o^t G „ r ,° Wt , h FaC,0r: NGFI " A B - Nerve Growth Factor-induced proteins A and B; pCREB, CREB. phosphorylated at' Ser 1 ^ 
P Platelet-Derived Growth Factor; PENK. Proenkephalin; PICA/PKC, Protein kinases (A and C); PPI/PP2A. Protein Phos- 
phatases (2A = calcineurm); PVN, Paraventricular Nucleus of the Hypothalamus; SAPK. Stress-activated Protein Kinase- SIE SIS- 
induc.ble Element; SRE. Serum Response Element; SRF. Serum Response Factor; TCF. Ternary Complex Factor; TH. Tyrosine 
Hydroxylase: VSCC. Voltage Sensitive Calcium Channel. 



I. Introduction 

Stereotypic inducibility of c-fos proto-oncogene rendered 
this cellular immediate-early gene (IEG) to be the most 
widely used functional anatomical mapping tool to ident- 
ify cells and extended circuitries that became activated in 
response to various stimuli (Greenberg and Ziff, 1984; 
Sagaretal.; l988;Ceccatellietal.; 1989; Bullit, 1990). On 
the other hand, c-fos (and other members of its family) by 
dimerization with that of the members of the jun family, 

♦Tel.: 00 36 I 210 0819 ext. 135; fax: 00361 210 081 1; e-mail: kov- 
acs/,/ koki.hu 

0197-0186/98 $19.00 v. 1998 Elsevier Science Ltd. All riuhts reserved 
PIL-S0 I 97 01 86(98)00023 0 



forms a transcription factor referred to as activator pro- 
tein-l, AP-1 and transactivates other (late) genes sub- 
serving long-term changes in cellular phenotype. (Sheng 
and Greenberg, 1990; Morgan and Curran, 1991). Most 
of those studies, however, that use c-Fos to map activated 
neurons do not focus on the mechanisms of how lEGs 
were activated and what the transcriptional consequence 
of their induction is. In contrast, recent achievements on 
the cellular/molecular mechanism of IEG induction and 
their effects on target gene regulation promote interpret- 
ation of c-fos maps. This paper summarizes these achieve- 
ments and discusses functional implications of c-Fos 
strategy to map neuronal circuitries underlying stress- 
related pathways in the central nervous system. 
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Table l 

Some selected features of the Fos family i>f transeriplioii faeUHS. 
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2. c-Fos as a transcription factor 

2. 1 . c-fos and their relatives 

To date four major protein members of the Fos family 
have been identified: c-Fos, FosB, Fra-1 and Fra-2. 
(Grcenbcrg and Ziff. 1984: Zerial ct a!.; 1989; Cohen and 
Curran, 1988; Nishina et a!.; 1990) (see Table I.). These 
proteins arc encoded by genes containing four exons and 
three introns (van Straatcn et al., 1983) and possess a 
leucin zipper motif that promotes heterodimeri/ation 
with that of the members of the Jun family (c-jun, JunB 
and JunD) to form a transcription factor referred to as 
activator protein-! (AP-I) (for review see Hughes and 
Dragunow, 1995). 

The gene fosB encodes a 46 kDa protein, FosB, and 
also has a splice variant called AFosB. AFosB cDNA 
gives rise to the 33, 35 and 37 kDa proteins, among which 
35 and 37 kDa proteins correspond to chronic FRAs 
(Fos-related antigens) that are induced by chron- 
ic/repeated stimuli. The 33 kDa product is a Fos-likc 
protein that is induced by acute treatments, as is the 55 
kDa c-Fos protein encoded by the c-fos gene (Chen et 
al., 1997; Hiroi et aL 1997). 

Fos and Jun family members undergo post-trans- 
lational phosphorylation, mediated by Fos-regulatory 
kinase and c-Jun N-terminal kinase (JNK, also called 
stress-activated protein kinase, SAPK) respectively, that 
affects their DNA binding abilities (Mullcr ct al., 1987; 
Xu et al., 1997). The heterodimcr AP-I complexes inter- 
act with a consensus sequence TGACTCA in the regu- 
latory regions of target genes and, depending on the 
composition of the AP-1 complex, stimulate or repress 
transcription (Rauschcr et al., 1988). As c-Fos/c-Jun com- 
plexes have been reported to exert stimulatory effects on 
target gene expression, while c-Fos/JunB complexes are 
mostly inhibitory (Schuttle et al., 1 989; Sheng and Green- 
berg. 1990). the sole reliance on induction pattern of 



Other memJ^s^ 
expressed or, bet-ause'o 

ally accumulate in the cell nuclei with repeated stimuli to 
maintain the expression of the target genes or negatively 
feed back on the transcriptional activity. FRAs have been 
implicated in long-term phenotypical changes following 
chronic, tonic and repeated stimuli or neuronal dis- 
inhibition (Jacobson et al.. 1990; Hoffman et al., 1993, 
1994; Pennypackcr ct al., 1995; Hiroi et al., 1997). 

2.2. Time domains of Fos induction 

There arc two features of c-fos expression lhat render 
this IEG as an excellent mapping tool: the low level of c- 
fos transcription under basal conditions and its induc- 
ibility upon wide range of trans-synaptic/lranscriptional 
stimulation. 

Under basal conditions, the detectable c-fos mRNA 
and protein levels are very low (Hughes et ah, 1992). In 
PCI 2 cells, as well as in several brain regions in vivo, c- 
fos mRNA is induced within couple of minutes after 
acute challenge and peaks between 30 and 60 min. The 
maximal level of c-Fos protein occurs between I and 3 h, 
then it gradually disappears from the cell nucleus by 4-6 
h after treatment (Sonnenberg ct al., 1989a; Chan ct al., 
1993; Imaki et al., 1993; Ding et al., 1994; Ikeda et al., 
1994; Cullinan ct al., 1995; Kovacs and Sawchenko, 
1996). There arc examples however, indicating either tri- 
phasic induction of c-fos expression following systemic 
inlcrlcukin challenge (Ericsson ct al., 1994) and excito- 
toxic insults (Walker and Carlock, 1993) or acceleration 
of c-Fos response after adrenalectomy (Kovacs and 
Sawchenko, 1997), that speak of the importance of per- 
forming time-course studies. Basal expression of FosB is 
a little higher, shows delayed activation and persists 
longer than c-Fos. The levels of FRAs rise with a delayed 
kinetics and gradually accumulate within the nucleus, 
especially after repeated/chronic stimuli (Morgan and 
Curran, 1989; Sonnenberg et al., 1989a; Honkaincmi et 
al., 1994). FRA staining might be exploited to study tonic 
activity and neuronal inhibition (Hoffman ct al., 1993. 
1994)/ 

2.3. Threshold of Fos induction 

It is generally thought that Fos induction reflects the 
functional activity of the neurons (Sagar et al., 1988; 
Dragunow and Faull, 1989; Duncan ct al., 1993). In 
contrast, areas with high levels of neuronal activity (e.g. 
visual cortex (Kaczmarek and Chaudhuri, 1997); or mag- 
nocellular neurosecretory neurons during suckling ( Fcne- 
lon ct al.. 1993) do not display significant c-fos 
expression, therefore, it seems that 'normal' neuronal 
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activity alone is not sufficient to induce immediate-early duction pathways, PKA, PKC, CAM kinase and MAP 



feinitfte^ 



^features of action ptftm^ eultore^^r$at||f^tiyation via CRE (cAM P^resfron^ 

at the c fos promoter (Sassohe-Ci^S 0 et al., 1988; 
Sheng et al., 1990). The transcriptional activation is 
brought about by rapid phosphorylation of CREB 
(cAMP response element binding protein) via protein 
kinase A (Gonzalez and Montminy, 1989). CaM kinase 
cascade also phosphorylates CREB at Ser 1 33, and trans- 
duce changes in intracellular Ca 2+ levels to immediate- 
early gene transcription through the same CRE (de Groot 
and Sassone-Corsi, 1993; Bito et al., 1996). 

Growth factors induce c-fos expression through the 
serum response element, SRE, located at -300 from 
the transcription start site. This m-acting element binds 
serum response factor (SRF) in association with TCF 
(ternary complex factor) containing Elk- 1 or SAP-1 that 
are targets of the ras/MAPK (ERK) or PKC mediated 
phosphorylation (Treisman, 1992; Hill and Treisman, 
1995). 

c-fos gene possesses two, functionally distinct calcium 
detectors: Ca 2+ influx through the L-type, voltage depen- 
dent Ca 2 " channels (VSCC) induces CREB phos- 
phorylation via CAM kinase pathway, and induces c-fos 
expression via CRE, while signals through the ligand 
gated Ca 2 "^ channel (NMDA receptor) results in acti- 
vation of the MAPK signal transduction pathway and 
targets SRE. (Bading et ah, 1993; Ghosh et ai., 1994). 
CRE and SRE may respond to spatially distinct pools 
of calcium: increases in nuclear calcium concentration 
control c-fos expression mediated via CRE, while SRE is 
triggered by a rise in cytoplasmic Ca 2 ~ pool, and does 
not require an increase in nuclear Ca 2 ~ (Hardingham et 
al., 1997; Santella and Carafoli, 1997). Thus, synaptic 
inputs that influence nuclear and cytoplasmic Ca 2+ pools 
differently, may regulate distinct programs of gene 
expression. According to an exciting hypothesis (Ginty. 
1997), c-fos gene expression may therefore be influenced 
by spatial aspects of Ca 2+ signalling. Distal excitatory 
synapses that results in elevation of local, cytoplasmic 
Ca 2+ pool, activate SRE-mediated gene expression, while 
proximal inputs that increase nuclear Ca 2 ~ levels activate 
both CRE and SRE mediated transcription, and there- 
fore increase the possibility of c-fos activation. 

The sis-inducible element (SIE) has been proposed to 
contribute to c-fos induction by platelet-derived growth 
factor (PDGF) and gamma-interferon (Wagner et a!., 
1990; Robertson et al., 1995). 

There is an AP-1 site in the c-fos promoter that lies 
adjacent to the SRE and binds Fos/Jun heterodimers as 
well as transcription factors of the CREB/ATF family 
and might mediate negative autofeedback for fos tran- 
scription (Sassone-Corsi et al., 1988). 

Dephosphorylation of transcription factors could also 
be an important step regulating the, persistence of c-fos 



^rbot ganglion cell^, large and su 
cellular Ca 2+ or high Ca 2+ levels separated by long inter- 
burst intervals produced minimal c-fos expression. 
Immediate-early gene activation was inversely correlated 
with the burst-intervals of action potentials (Fields et al., 
1 997). 

At systems level, 'usual* stimuli delivered by afferent 
inputs with the 'usual' intensity, do not result in any c- 
fos induction: sensory stimulation in the visual cortex 
results in c-fos expression only after a period of sensory 
deprivation, and when rats were exposed to novel objects 
(review: Kaczmarek and Chaudhuri, 1997). Auditory 
stimulation at different noise intensities revealed no c- 
fos induction under background noise situation but was 
activated by an intensity-dependent manner in auditory- 
related structures (Campeau and Watson, 1997). 

It seems also likely that there is a threshold difference 
between different brain structures: some areas including 
basolateral, medial, and cortical nuclei of the amygdala, 
anteroventral and mediodorsal thalamus as well as cingu- 
late, infralimbic and piriform cortices express c-fos in 
response to mild stimuli such as exploration of novel 
environment. These structures usually referred as consti- 
tutive c-fos expressing areas (Hughes et al., 1992; 
Cullinan et al., 1995: Duncan et al., 1995). 

The effective interleukin-1 (IL-l)dose for eliciting Fos 
induction has been reported to be markedly different 
among the brain regions, circumventricular organs, the 
classically acknowledged sites involved in mediation of 
blood-borne signals displayed c-Fos only at the upper 
extremes of the dosages tested ( Ericsson et al., 1 994). The 
molecular mechanism underlying this spatial difference 
of c-fos inducibility is not known, but may reflect not 
only a different sensitivity of the signal transduction path- 
ways but also might be due to the sensitivity of detection 
methods. 



2.4. Mechanism of fos induction 

There are a number of different challenges that induce c- 
fos expression: (I) neurotropic factors, (2) neurotrans- 
mitters, (3) depolarization and (4) increase of Ca 2 * influx 
and elevation of intracellular/intranuclear Ca 2+ (Green- 
berg and Ziff, 1984; Szekely et al., 1987; Morgan and 
Curran, 1989; Doucet et al., 1990; Sheng et al., 1990; 
Sheng and Greenberg, 1990; Ghosh et al., 1994; Gaiddon 
et al., 1996). 

Indeed, regulatory region of the c-fos gene contains 
several m-acting elements (e.g. Ca 2 "/CRE, SRE, SIS and 
AP-1 , that could confer variety of /rd//.y-synaptic signals, 
commonly mediated via interdependent signal trans- 
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PDGF/IF GF Serum NMDA-rec VSCC 




Fig. I. Diagramalic representation of the 5 -tlanking regulatory region of the e-fos gene indicating the major upstream regulatory elements: the 
calcium-cAMP response element (Ca/CRE). the serum response element (SRE). the activator protein-! binding site (AP-1 RE) and the sis-inducible 
element (SIE). The transacting serum response factor (SRF), the ternary complex factor -Elk- 1 (TCP Elk-I) and thecAMP-responsc element binding 
protein (CREB) are targets of different signal transduction systems, including protein kinase A and C (PICA. PKC), calcium-calmodulin dependent 
kinases (CaM kinase) and mitogen activated kinases (MAP-kinasc). Other abbreviations: PIX3K platelet-derived growth factor: GF, growth factors: 
VSCC. voltage-sensitive calcium channel. 



expression. Phosphatase PPI is responsible for the 
dephosphorylation of pCREB, (Hagiwara et ah, 1992), 
while TCF Elk-I is dephosphorylated by PP2A, cal- 
cineurin (Hunter, 1995; Bito et aL, 1996). 

In contrast to the situation that seen in PC 1 2 cells and 
in cultured neurons, data from intact animals indicated 
cross-talk between multiple interdependent control 
elements in regulation of c-fos in the central nervous 
system. CREB/CRE mediates ncurotrophin responses 
via CaMK-dependcnt mechanism (Finkbciner et aL 
1997). Moreover, studies on mice carrying fos-lacZ trans- 
gene mutated at different individual regulatory elements, 
indicate that all regulatory elements arc required in con- 
cert for tissue- and stimulus-specific regulation of the c- 
fos promoter (Robertson et aL, 1995). Taken together, 
there are uncertainties as which signal transduction path- 
ways and which regulatory elements mediate induction 
of c-fos expression in vivo mapping studies. 

2.5. Fvsijun complex interaction with A PA binding site! 
gel-shift studies 

To affect gene expression, protein products of fos family 
members should heterodimerize with that of jun family 
members and interact with AP-J sites in the target genes. 
The interaction between transcription factors contained 
in whole cell/nuclear extracts with that of labeled oli- 
gonucleotides representing consensus sequences within 
the civ-acting response elements can be studied by gel 



mobility shift assays, that indicate not only the relative 
binding affinities of nuclear factors to their DNA binding 
sites, but using specific antibodies in supershifl reaction 
the composition of the transcription factors could also 
be revealed (e.g. Kaminska and Kaczmarek, 1993; Kon- 
radi et aL, 1993; Pennypackcr et al., 1994; Ogita and 
Yoneda, 1995). There are several combinations between 
fos and jun members. c-Fos/c-Jun complexes activate 
target gene expression, while c-Fos/Jun B hetcrodimcr 
appear to be inhibitory (Sheng and Greenberg. 1990). 
Surprisingly, there is a considerable AP-I binding affinity 
under basal conditions that composed of FosB and JunD 
proteins (Kaczmarek and Chaudhuri, 1997). Upon 
stimulation the composition of AP-1 transcription factor 
changes dynamically: the first transient complexes for- 
med are made of c-Fos and c-Jun, that is followed by 
FosB/Jun dimers with longer half life, that are replaced 
by AP-1 complexes contain FRAs and Jun (Morgan and 
Curran. 1989; Sonncnbcrget aL, 1989) to maintain tran- 
scriptional activation in response to chronic and repeated 
stimuli. 

The picture became even more complex with the find- 
ing that Fos and Jun could also interact with other tran- 
scription factors like pCREB or nuclear (steroid) 
receptors, and these cross-family heterodimers bind to 
different consensus sequences (Hai and Curran, 1991; 
Lukasiuk and Kaczmarek, 1994; Unlap and Jope, 1994). 

Glucocorticoid receptor and AP-1 can antagonize each 
others activities in vivo and in vitro, and similar inter- 



18069302 



KJ. KoracsiNeurochem. Int. 33(I99X) 2X7 297 



29! 



action have been described between AP-1 and other 
nuclear' receptors (Pfahl;J:9881^^^^. t i, 



we can not identify with certainty the AP-1 target genes, 
as these, rarely, be. under the. control ok a^single class of 



-.4.-. I J ■ 




In spite of the enormous amount of data accumulated 
using c-fos in functional mapping studies we are still 
lacking direct evidences as to which genes are affected by 
AP-1 transcription factors in those neurons that show c- 
fos induction in vivo. To date the most studied candidate 
for AP-l regulation was the proenkephalin (PENK) gene 
(Sonnenberg et al., 1989b; Bacheret al., 1996). Although 
c-fos induction precedes PENK expression in the hip- 
pocampus ( Bing et al ., 1 997), those cells that express c-fos 
in response to NM DA or kainate are not enkephalinergic 
(Guoetal., 1996). Moreover, Konradi et al. (1993) could 
not detect Fos in complexes bound to CRE-2, the key 
second messenger inducible element in the PENK 
promoter, and antisense oligonucleotide injections into 
the apomorphin-challenged striatum, did not alter neuro- 
peptide expression involved in basal ganglia function 
(Dragunow et al., 1994). Another model gene of AP-1 
regulation is the prodynorphin (Hughes and Dragunow, 
1995). Antisense knock-down studies (Hunter et a)., 
1995) provided direct evidence for c-Fos in regulation 
prodynorphin induction, although other reports did not 
confirm cellular co-localization of c-fos and pro- 
dynorphin after kindled seizures (Simonato et al., 1996). 
Blockade of protein synthesis by cycloheximide, pre- 
vented the dehydration-induced vasopressin tran- 
scription in the magnocellular (Ding et ah, 1994) and 
stress-induced expression in the parvocellular neuro- 
secretory neurons (Kovacs et al., 1998) suggesting 
involvement of de novo synthesized transcription factors 
encoded by the immediate-early genes. Other targets for 
fos/AP-l regulation of gene expression are some neuro- 
transmitter synthesizing enzyme genes like GAD or TH 
(Najilerahim et ah, 1991; Nestler, 1992; Sabban et al., 
1995). Genetical approaches, including c-fos and FosB 
knockouts (Wang et al., 1992; Brown et al., 1996; Hiroi 
et al., 1997), transgenics (Smeyne et al., 1992; Kasof et 
al, 1995; Robertson et al., 1995) as well as antisense 
oligonucleotide injections (e.g. Hooper et al., 1994) will 
define the functional importance of immediate-early gene 
targets in vivo. 

Another interesting feature of immediate-early gene- 
regulated transcription is the association of c-fos 
expression with neuronal cell death. Both fos and jun 
family members are activated in response to various exci- 
totoxic insults, ischemia and seizures. There are two 
phases of c-fos induction during NM DA agonist-induced 
excitotoxic cascade: the first, transient phase is associated 
with seizures and the second, delayed phase, that results 
cytoplasmic expression of c-fos-lacZ transgene, is evident 
exclusively in the vulnerable regions (Walker and 
Carlock, 1993; Kasof et al., 1995). Here again, however. 



3. Stress-related pathways as revealed by c-fos mapping 
strategy 

3.1. c-fos induction in the paraventricular nucleus 

One of the best output of the c-fos strategy is the func- 
tional anatomical mapping of neuronal circuits under- 
lying neuronendocrine-, autonomical- and behavioral 
responses induced by stress. Exogenous and endogenous 
challenges activate the parvocellular neurosecretory neu- 
rons in the hypothalamic paraventricular nucleus to 
initiate stress cascade by delivering the two main cort- 
icotropin releasing factors, CRF-41 and arginine vaso- 
pressin into the hypophyseal portal circulation (review: 
see Antoni, 1986). As revealed by numerous lEG-based 
mapping studies, acute challenges that result in an acti- 
vation of the hypothalamo-pituitary-adrenocortical 
(HPA) axis specifically target CRF-41 containing, stress- 
related subset of the parvocellular neurons (Ceccatelli el 
al., 1989; Sharp et al., 1991; Hamamura et al., 1992; 
Honkaniemi et al., 1994; Chan et al., 1993; Kovacs and 
Sawchenko, 1996). c-fos gene is upregulated in these neu- 
rons within 30 min after acute stress, while the maximal 
protein induction was found between 1 and 3 h. Although 
previous evidence has implicated various forebrain 
regions, (Sawchenko, et a!., 1996) as well as brainstem 
catecholaminergic (Cunningham and Sawchenko. 1988) 
and serotoninergic (Calogero et al., 1 990) inputs in stress- 
induced activation of CRF-secreting neurons, there are 
uncertainties about the specific inputs and receptor sys- 
tems that mediate c-fos induction in response to distinct 
stress paradigms. Discrete lesions separating ascending 
medullary pathways to the PVN prevent c-fos induction 
following acute IL-l challenge, suggesting the involve- 
ment of catecholaminergic neurotransmission in acti- 
vation of c-fos expression (Ericsson et al., 1994). Similar 
lesions however, were not effective in reducing c-Fos 
induction in the PVN following salt loading (Kovacs and 
Sawchenko, 1993. Sawchenko et al., 1996) or footshock 
(Li etal., 1996). 

It is still not clear however, whether the depletion of 
neuropeptide stores at the median eminence upon cellular 
stimulation, triggers immediate-early gene expression in 
the parvocellular neurons, and how such a retrograde 
signaling is mediated. Recent study revealed that nerve 
growth factor (NGF) and its receptor Trk A retrogradely 
transported from the axon terminals to the cell nucleus 
to trigger phosphorylation of transcription factor CREB 
(Riccioet al., 1997). Rapid CREB phosphorylation, that 
precedes c-fos induction was also revealed in CRF- 
secreting parvocellular neurons following different acute 
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challenges as ethei\ handling or restraint (Kovacs and 
Sawchenko, .1996; Lcgradi ct al., A&9J).*j^J^i. 

'TffilMti^&tii itiferfti (led in lhe^ri^ufe&wf^^neurohs 
and show rapid and transient induction in response to 
various acute and chronic stimulation (Chan et al., 1993, 
Honkaniemi et al., 1994). 

There is a clear, although ill-defined threshold of c-fos 
induction in the paraventricular neurosecretory neurons. 
Weak stressors, such as exploration of novel environ- 
ment, elevated plus maze, air pufTdo not result significant 
c-Fos immunoreactivity in the CRF secreting neurons 
(Duncan etaL 1996). 

Where the stimulus intensity can be experimentally 
controlled, there is an intensity-dependent increase in c- 
fos induction, that is correlated with the increases in 
plasma corticosterone, a reliable marker of HPA axis 
activation (Ericsson et al., 1994; Campeau and Watson, 
1997). 

As with other systems, c-fos is a marker of those 
cellular/trans-synaptic activations that exceed a certain 
threshold and changes in the cellular phcnolypc is necess- 
ary for cellular adaptation. Therefore, c-fos based map- 
ping technology does not, or hardly reveals normal, basal 
cellular activities. 

3.2. Effect of glucocorticoids on c-fos induction and AP-\ 
transactivation: molecular basis of steroid negative feed- 
hack at the paraventricular nucleus 

Interestingly, hypophyscotropic CRF neurons do not dis- 
play sustained c-fos rnRNA or peptide induction after 
adrenalectomy (Brown and Sawchenko, 1997), a manipu- 
lation that results persistent synthetic and secretory 
activity as well as changes in neuropeptide phenotype in 
these neurons (Kiss ct al., 1984; Sawchenko et al., 1984). 
Instead, adrenalectomy resulted only in a transient 
increase of c-Fos immunoreactiv ity that peaked 3 h after 
steroid removal, that was replaced by Fos-like immuno- 
reactivity corresponding to chronic FRAs (Jacobson et 
al., 1990). These FRAs together with the constitutively 
expressed members of the jun family may represent the 
increased AP-l binding activity which is seen in the hypo- 
thalamic extracts of adrenaleclomized (ADX) rats 
(Kovacs and Sawchenko, 1997). In the chronically ADX 
rat, CRF neurons are capable of c-fos expression since 
animals subjected to an additional stimulation (hyper- 
tonic saline or ether) display a robust induction of c-Fos, 
but the timing of I EG induction is accelerated, compared 
to rats that respond to acute challenges with a peak of 
plasma corticosterone (Kovacs and Sawchenko, 1997). 
These results again speak to the importance of time 
course studies in c-fos mapping, although even a very 
detailed time course do not mechanically reveal func- 
tional relatedness and connectivity within a neuronal cir- 
cuitry. 



c-fos and other transcription factors encoded by 
inducible I EGs in cooperation^ th glucocQcticoid.necep- 



tors^that H^epre^^ 
scripttbirTac^ 
mechanism of trarisenptiona 

Parvocellular neurons are capable to express both stimu- 
lation-dependent inducible I EG proteins and the gluco- 
corticoid receptor, which mediates negative feedback 
effect of the adrenal steroids on the transcriptional 
activity of the CRF-secreting neurons. Protein-protein 
interaction could modify target gene transcription via 
composite glucocorticoid responsive element (Diamond 
et aL, 1990), and conversely, ligand-activated gluco- 
corticoid receptor could interact with AP-l transcription 
factor (Yang- Yen et al., 1990; Schule et al., 1990) in a 
situation and time dependent manner. — 

In addition to the protein-protein interaction that 
affect transactivation of both transcription factors, high 
levels of circulating glucocorticoids inhibit stress-induced 
c-fos expression in the paraventricular nucleus, via a yet 
unknown mechanism (Wan et al., 1993; Kovacs and 
Sawchenko, 1997). 

3.3 . AP-l target genes in the paraventricular nucleus 

Genes, encoding hypothalamic neuropeptides (e.g. vaso- 
pressin, enkephalin, dynorphin. somatostatin, chol- 
ecystokinin, LH-RH) or neurotransmitter synthesizing 
enzymes (e.g. TH, GAD) that possess AP-l consensus 
sequence(s) in their regulatory region can be putative 
target of c-fos mediated gene expression in the para- 
ventricular nucleus. As stress-induced increase of c-fos 
expression precedes CRF mRNA accumulation in the 
neurosecretory neurons, CRF has also been suggested as 
a potential target of AP-l transcription factor (Imaki et 
al., 1992), although the gene does not contain canonical 
AP-l binding site (Chan el al., 1993). Using intron- 
specitic probes that hybridize with sequences within the 
primary transcript (Herman et al., 1992), a very rapid 
stress-induced upregulation of CRF gene expression has 
been revealed in the parvocellular neurons that precedes 
the appearance of c-Fos protein by 1-2 h and seems to 
be parallel with CREB phosphorylation rather than 
with immediate-early gene activation (Kovacs and 
Sawchenko, 1996. 1997). In contrast, arginine vaso- 
pressin (AVP) hnRNA levels in the CRF secreting cells 
show contemporaneous activation with c-Fos protein, 
suggesting an involvement of AP-l transcription factor 
in parvocellular AVP gene regulation (Kovacs and 
Sawchenko, 1996). Indeed, treatment of rats with protein 
synthesis blocker cycloheximide prior to acute ether chal- 
lenge significantly inhibited the stress-induced elevation 
of c-Fos protein and AVP hnRNA in the parvocellular- 
(Kovacs ct al., 1998) as well as hyperosmotic-challenge 
induced AVP mRNA increases in the magnocellular neu- 
rosecretory neurons (Ding et al., 1994). Studies in enke- 
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phalin transgenic mice suggest, that CREB, but not c- 
Fos is involved in the;&tces&uiduc£^ of 

occurs later than c-Fos^prbtein, arid tHe^prdmotcr region 
of the pre-proenkephalin gene contains functional AP-1 
response element (Borsook et ah, 1994; Konradi et al M 
1 994). 

3.4. Outlook on (he stress-related circuitries 

Stress models generally divided into two categories: (1) 
systemic stressors that target homeostatic parameters 
(e.g. hemorrhage, hypoglycemia, hyperosmotic chal- 
lenge, immune stimuli or endotoxic shock), and (2) neuro- 
genic (psychological, or processed) stressors that rely on 
somatosensory/nociceptive inputs plus involve a distinct, 
affective emotional component (e.g. footshock, restraint, 
immobilization). 
All of these stressors result in activation of c-fos 
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mRNA and c-Fos like immunoreactivity in various brain 
areas defining; i2i neuronal circuitry, .jj^lxe4.u^a$tress 
res^pii^(^^ 

tial lifflitSftb iis ^fr^ i t 

is not clear, whether the capacity for£fos*e^^ is 
universal among central neurons and whether the acti- 
vated neurons express the c-fos gene with comparable 
sensitivities. 

Areas that show c-fos expression in response to a given 
stressful stimulus are commonly grouped into three cat- 
egories: (1) areas showing increased activation after 
handling; (2) areas involved in conveying stressor-specific 
information to the stress-related pathway; and (3) regions 
that mediate stereotypic neuronendocrine-. autonomic- 
and behavioral responses to stress. 

Regions that display c-fos mRNA or c-Fos protein 
to handling and novel environment, irrespective of the 
stressor involve some thalamic and amygdaloid nuclei, 
as well as cortical and subcortical regions, lateral septum, 
anterior BNST, hippocampus and periaqueductal grey. 



Table 2 

Summary of c-fos induction following emotional and physical challenges 



Fool Plus 



Region 


Restraint 


Jmmobil. 


shock 


Swim 


maze 


Air puff Agression 


Fear 


Audio Ether 


Pain 


Osmotic 


IL-I 


LPS 

- - r 


Frontal cortex 


+ 


4- 


4- 4- 


4- + 


+ + 


+ /- 


+/- 


4- 


0 


+ 4- 


+ 


+ 




+ 


Cingulate cortex 


+ + 


4- + 


4- + 


4-4-4- 


+ + 


+/- 


+ 


+ + 


4- + + 


+ + 


4- + 


0 


+ 


4- - 


Orbital cortex 


+ + + 


4- 


+ 


4-4- 


+ 


0 


0 


+ 


4- + 






0 






Pyriform cortex 


+ + + 


4- 4- 


4-4-4- 


4-4- + 


+ + 


0 


+/- 


+ + 


+ + 


4- 4- + 


4- 


+ 


4- 


4- + 


Lateral septum 


+ + 


4- 4- 


+ 


+ + 


+ + 


+/- 


+ + 




+ + 


+ + 






0 


f 


BNST 


4- 


4- 4- 




+ 


+ 


+/- 


+ 


+ + + 


4- + 


+ + 


+ 


4-. - 


4- 4- 


+ 


Septohypoth. nucl. 


4- + 


+ 


+ + 


4- + 


+ 


0 


+ 


+ 


+ + 


4- 




+ - 






Circumventricular o. 


0 


0 


0 


0 


0 


0 


0 


0 


0 


0 


0 


+ + 4- 


+ + 


+ + 


Hypothalamus 






























PVN parvocell. 


4- + 


+ 4-4- 


4- + 


4- + 


+/- 


+/- 


+ 


4- 4- 


4- + 


+ + 4- 


4- + 


4- + 


+ + 


+ + 


PVN magnoccll. 


4- 


+ /- 


+ /- 


4- 


0 


0 








0 




4- + 




+ 


Supraoptic nucl. 


0 


+ 


+ 


+ /0 


0 


0 


+ 


+ /- 


0 


0 


+ 


+ + 4- 


+ + 


4- + 


Dorsomedial nucl. 


4- 


4- 


+ 




+ 


0 


+ 


+ /- 


4- 


+ 




0 




4- + 


Ventromedial nucl. 


4- 


+ 


0 




+/- 


0 


+ 


+ 


0 






0 






Amygdala 






























Basolateral nucl. 


+ 


+ 


+ + 


+ 


4- 


0 






+/- 


+ 


+ + 


+ . - 


0 




Central nucl. 


+/- 


+ 


+ /- 


+ /- 


+ /- 


0 


+ 


+ + 


0 


4- 




0 


4- 4- 


4- 4- 


Cortical nucl. 


+ 


+ 


4- 4- 


+ + + 


+ 


0 


0 


0 


4- 


0 




0 


0 




Medial nucl. 


4- 4- 


+ 


4* 4- 


+ + + 


4- 


+/- 


+ + 


+ 4- 


4- 


+ 


4- 


+ ; . 


0 




Hippocampus 


+ 


+ + 


+ 


+ 


+ /- 


0 




+ 


+ /- 


0 




0 


+ 


0 


Periaqueductal grey 


+ 


+ 


4-4- 


+ 


+ 


+ 


+ + 


+ 


+ 


+ 


4- 4- . 






+ 


Locus coeruleus 


+ 


+ 


+ + 


+ + 


+ 


0 


4- 


+ + 


4- 


+ 


4- + 4- 




0 


+ + 


Nucl. solitary tract 


+ + 


4- + 


+ + 


+ + 


+ /- 


0 


+ 






+ + 


+ + 


+ + 


+ + 


+ + 


Ventrolateral medulla 


4- 


+ 


4- + 


+ 


+/- 


0 


4- 




+ /- 


+ 


4- + 


4- 


4- 4- 


+ 


References 


a.bx 


d,t 


c.f,g 


b.h 


i.t 


* 

1 


» 

J 


• 


k 


t 
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r 
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t Stands for results from our laboratory (unpublished) 
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( 1996); "Duncan et al. (1993): i Duncan et al. (1996): Pollack -Walker et al. (1997): k Campeau and Watson (1997): 'Kovacs and Sawchenko (1996): 
m Bullit (1990): "Ceccatelli et al. (1989): "Palkovits et al. (1996): p Hamamura et al. (1992): ^Sharp et al. (1991); 'Ericsson et al. (1994); >Wan el al. 
(1993). 
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indicating arousal (Cullinan et aL, 1 995; Duncan ct aL 3.5. Activation ofc-fos expression in response to chronic 
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constitutive c-fos expression. 

Afferent pathways that mediate neuroendocrine stress 
effects are stressor specific, including medullary cat- 
echolaminergic cell groups in response to hemorrhage 
(Chan and Sawchenko, 1994), LPS (Wan et aL 1993). 
IL-1 (Ericsson ct aL 1994), pain (Palkovitscl aL 1997), 
osmosensitive cell groups of the lamina terminalis to 
hypertonic salt loading (Hamamura ct aL 1992; Kovacs 
and Sawchenko, 1993; Larsen and Mikkelsen, 1995), 
auditory related structures to noise stress (Campcau and 
Watson. 1997). 

Intriguing similarities among the activity maps within 
distinct stress models reveal the stress-related ncuro- 
circuitry that generally includes the effector neurons in 
the hypothalamic paraventricular nucleus, cingulate 
cortex, lateral septum, septohypothalamic nucleus, 
medial preoptic area, bed nucleus of stria terminalis 
(BNST), central amygdala, dorsal raphe and locus co- 
eruleus: areas facilitating HPA axis activity (Cullinan et 
aL 1995; Larsen and Mikkelsen, 1995; Duncan et aL 
1996: Sawchenko et aL 1996; Campeau and Watson, 
1997; Kollack-Walker et aL, 1997). 

Although challenges as distinct as neurogenic fool- 
shock and systemic IL-1 injection activate indis- 
tinguishable population of neurons in the hypothalamic 
PVN and medullary catccholaminergic afferent areas, 
recent findings revealed a differential dependence of 
hypothalmic and medullary Fos-induction on the integ- 
rity of the stress-related circuitry. Medullary knife cuts, 
separating PVN from their ascending projections orig- 
inating in the lower brain stem significantly reduced c- 
Fos in the PVN after systemic stress, while leaving c- 
Fos activation intact in the medullary catccholaminergic 
neurons. Opposite effects were seen after foot shock, (Li 
et aL 1996), suggesting that activation in the medulla is 
secondary consequence of the challenge in the neurogenic 
stress paradigm. 

Lesions separating neurosecretory cells in the hypo- 
thalamic paraventricular and supraoptic nuclei from their 
descending projections from structures associated with 
the lamina terminalis abolished the effect of chronic salt 
loading, but not that of systemic IL-1 injection on the 
CRF-secreting cells (Kovacs and Sawchenko, 1993, 
Ericsson et. aL 1994; Sawchenko ct aL 1996). These 
results emphasize the validation of results on functional 
connectivities obtained from c-fos pattern by exper- 
imental testing. 

Another interesting feature ofc-fos mapping in stress- 
related circuitry is that conditioned stressors induce c-fos 
expression in various cortical and subcortical areas (Beck 
and Fibiger, 1995), but not in the CRF-secreting par- 
vocellular neurons. 



^?BM5^^SS?f iiid iiction following^cu^ 
reveals basic stress-related circuitry, similarities and 
differences of activity maps taken from repeatedly or 
chronically stressed animals -however- bear pathological 
significance. In response to repeated restraint, c-fos acti- 
vation is markedly reduced in the parvoccllular neu- 
rosecretory neurons in the PVN, in the medial amygdala 
(Chen and Herbert, 1995) as well as within the cortex, 
hippocampus septum and brain stem (Melia et aL 1994). 
Habituation of c-Fos expression is consistent with the 
desensitized adrenocorticotropin (ACTH) response to 
repeated stimuli. 

Osmosensitive areas of the lamina terminalis as well as 
magnocellular neurosecretory neurons in the para- 
ventricular and supraoptic nuclei display c-Fos immuno- 
rcaclivily in chronically salt-loaded rats. Chronic hyp- 
erosmotic challenge results in upregulation of CRF 
mRNA in Fos positive neurons, and coordinatcly down- 
regulates of CRF expression in the parvoccllular neurons, 
and this inhibitory event is not marked by c-Fos induc- 
tion (Kovacs and Sawchenko, 1993). 

As it has been discussed previously, adrenalectomy 
that represents chronic stimulation to the parvoccllular 
neurosecretory neurons, results only transient c-Fos 
induction that is followed by chronic FRAs to maintain 
cellular activation (Jacobson et aL 1989; Brown and 
Sawchenko, 1997). 



4. Summary 

c-fos-based functional mapping has been validated as a 
powerful technic to reveal activated neurons and charac- 
terize cell groups that may be associated with functional 
circuits in a situation specific manner, in spite of uncer- 
tainties the exact functional roles of c-Fos, as a tran- 
scription factor, in the central nervous system as well as 
about the signal transduction mechanisms that activate 
immediate-early gene induction in vivo. 
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Abstract — Activation of the proto-oncogene c-fos in the brain was described initially almost a decade ago 
and represents one of the most studied immediate early genes in the brain. Transient c-fos expression in 
the central nervous system was first observed after seizure activity and following noxious stimulation in 
the spinal cord. Since then, multiple studies have shown that different stimuli can induce c-fos expression. 
Seizure activity induces rapid and transient expression of c-fos in hippocampal structures. Similarly, 
transient activation of c-fos follows cortical brain injury in a pattern that resembles that of spreading 
depression. Many other stimuli have been shown to induce the expression of this proto-oncogene in the 
brain and c-fos immunostaining and in situ hybridization are now used to map brain metabolism under 
different physiological and non-physiological conditions. Here we review the variety of inducible patterns 
of c-fos expression in the brain. Copyright © 1996 Elsevier Science Ltd. 
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I. INTRODUCTION 

Neuroscience research in recent years has produced 
rapid and dramatic advances, especially in the area of 
molecular neurobiology. Montarolo et al. (1986) 
demonstrated that gene expression was required for 
the development of long-term facilitation in Aplysia. 
an adaptive behaviour that can be considered as a 
learning-related process in invertebrates. Some of the 
properties of nervous tissue include a capability for 
perceiving external changes and storing new infor- 
mation. It has been suggested that changes in gene 
expression could play a role in the storing of 
information and possibly in long-term memory 
(Goeiet et al.. 1986), and that induction of genes by 
neuronal activity could result in long lasting changes. 

The first set of genes activated by external signals 
are those that do not require <h* novo synthesis of 
proteins (immediate early genes or lEGs). The 
induction of lEGs is rapid and transient. Of these 
genes, probably the best studied is c-fos. The first 
studies that suggested which !EG expression could 
have a role in neuronal functioning were done on 
differentiated PC 1 2 cells. Curran and Morgan (1985) 
showed the effects of NGF on c-fos expression in this 
cell line. Further studies demonstrated that depolar- 
izing agents induced c-fos expression in neuronally 
differentiated PC 1 2 cells (Morgan and Curran, 1986; 
Greenberg et al., 1986). In 1987, Dragunow et al. 
(1987) showed the presence of basal levels of Fos-like 
immunoreactivity (FLIR) in rat brains. [Note: since 
specificity is an important issue in this review, we will 
refer to FLIR where it has not been established by 
Northern blotting that the antibody is selective for 
the 56 kDa c-Fos protein, and the term V/05-like 
immunoreactivity" (CFLIR) will be used when there 
is some degree of certainty that c-Fos protein is 
involved.] This report of the presence of FLIR in 



brain was followed by three studies which demon- 
strated that increased neuronal activity in vivo could 
induce c-fos expression. The studies looked at c-fos 
induction after a generalized seizure (Morgan et al., 
1987); following noxious stimulation (Hunt et al.. 
1987); and after electrical stimulation leading to 
kindling (Dragunow and Robertson, 1987a). 

Since these pioneering studies, there have been 
hundreds of reports investigating c-fos expression in 
the central nervous system (CNS). Some investigators 
have used c-fos expression as a tool to study neuronal 
populations that are activated after different stimuli 
(Sagar et a/., 1988: Dragunow and Faull, 1989); this 
review will mainly focus on these studies as they 
pertain to the expression of c-fos in the brain. 



2. IMMEDIATE EARLY GENES 

Extrinsic signals can modulate cell function in 
different ways. External cues can affect cell function 
through the regulation of gene expression. Molecules 
that easily pass through membranes can directly 
modify gene expression by interacting with nuclear 
receptors. Substances that interact with receptors 
located on the cell membrane can alter the levels of 
second messengers and, subsequently, they can 
indirectly induce the expression of specific genes. 
Substances that cannot pass through membranes 
interact with receptors located on the cell surface and 
may induce a series of modifications within the cell. 
These changes may include: alterations in the 
intracellular concentration of second messengers 
which can modulate phosphorylation rates of 
different proteins, alterations in the influx of ions 
such as Ca 2 * and modifications in ion channels. 
These are just a few of the possible changes that may 
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occur upon cell stimulation by extrinsic signals 
(Sheng and Grcenberg, 1 990). 

Genes that are activated rapidly upon cell 
stimulation and whose expression cannot be pre- 
vented by protein synthesis inhibitors are the IEGs 
(Sheng and Greenberg, 1990). These IEGS are 
believed to encode, in most cases, transcription 
factors which will, in turn, modify the expression of 
other genes known as target genes (TG) (Sheng and 
Greenberg, 1990). Target gene expression will modify 
the phenotype of the cell in question. Thus, external 
signals can alter phenotypic expression of cells. 

The list of IEGs expands every day; the most 
extensively studied, so far, are the proto-oncogenes 
c-fos and c-jun. Other IEGs have been identified such 
as those induced by NGF in PC 1 2 cells; NGFI-A 
(Milbrandt, 1986) and NGFI-B (Milbrandt, 1987). 
The I EG NGFI-A also has been described as egr-l 
(Sukhtame et a/., 1988), zif268 and TIS-8 (Kujubu 
et a/., 1987; Lim et al., 1987); NGFI-B is also known 
as TIS-I (Kujubu et a/., 1987; Lim et aL, 1987) and 
NI0 (Morgan and Quran, 1991; Nakabeppu and 
Nathans, 1991). Various adrenergic agonists, both a 
and P have been shown to upregulate most of the 
IEGs studied in astrocytes (Arenander et a/., 1989a, 
1989b). 

2.1. The c-fos Proto-Oncogene as an IEG 

Proto-oncogene c-fos is the cellular homologue of 
the v-fos oncogene (Curran and Teich, 1982) and 
FBJ-MSV. The FBJ-MSV complex was isolated 
from a spontaneous osteosarcoma in a CF1 mouse 
(Curran et a/., 1984). The FBJ virus complex consist 
of a replication-competent helper murine leukaemia 
virus and a replication-defective transforming murine 
sarcoma virus (Curran et al. % 1984). The nucleotide 
sequence of the proviral DN A has been deduced (Van 
Beveren et at., 1983), as has the sequence of the 
cellular progenitor of the Jos gene from mouse and 
human cells (Van Beveren et aL, 1983; van Straaten 
et al. % 1983). 

The major features of the organization of fos genes 
and its products are as follows (Verma, 1987). 

Both v-fos and c-fos are basically homologous, 
except for four regions of non-homology, three of 
which represent introns with the appropriate splice 
donor or acceptor site. The fourth region represents 
sequences that have been deleted in the biogenesis of 
v-fos. This region is present both in mouse as well as 
in human c-fos genes (104 nucleotides). The c-Fos 
protein has 380 amino acids, just one less than the 
v-Fos protein. In the first 332 amino acids, murine 
c-Fos and v-Fos only differ in five residues, while the 
remaining 48 amino acids of the c-Fos protein are 
encoded in a different reading frame from that of the 
v-Fos protein. Thus, even though they are homolo- 
gous, c-fos and v-fos have different carboxy 
terminals. Despite this fact, however, both proteins 
are located in the nucleus. The c-Fos protein 
undergoes more extensive post-translationa! modifi- 
cations than v-Fos. Mouse and human c-Fos are 
homologous in 90% of their amino acid sequence, 
differing only in 24 out of 380 residues. 

The structures of cellular and viral fos products 
and their association with a 39 000 Da cellular 
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protein (p39) were studied with an antisera raised 
against a synthetic peptide fragment of c-fos (Curran 
et at., 1985). The p39 appears to form a complex only 
in the nucleus in a non-covalent manner (Sambucetti 
and Curran, 1986). Fos participates in the nuclear 
protein complex with a sequence element in a control 
region of the adipocyte (3T3-F442A) differentiation- 
sensitive gene, aP2 (Franza et at., 1988); this 
sequence, as noted by Franza et at. (1988) shares a 
common sequence with an enhancer element from the 
Gibbon ape leukaemia virus (GALV), and with a 
negative regulatory element (NRE) of the HIV-LTR 
(oligonucleotides - 357 to - 278). This common 
sequence element is remarkably similar to the AP-1 
consensus binding site. A combination of structural 
and immunological comparisons has identified the 
Fos-associated protein p-39 as the protein product of 
the jun oncogene. Cell-surface stimulation can result 
in an increase of both c-fos and c-jun products (or 
other Jun family members like Jun-B). Thus, the 
products of these two proto-oncogenes and several 
related proteins induced by extracellular stimuli form 
a complex that associates with transcriptional control 
elements containing AP-1 sites, thereby potentially 
mediating long-term responses to signals that 
regulate growth and development (Franza et al. % 
1988). 

The products of c-fos and c-jun can interact 
synergistically, the c-fos product enhancing the 
binding of the c-Jun protein to DNA (Kouzarides 
and Ziff, 1988; Nakabeppu et al., 1988). The products 
of the nuclear proto-oncogenes, mentioned above, 
form a non-covalent association. These proteins, 
along with members of the myc family, share limited 
amino acid homology. A heptad repeat of leucine 
residues (the "leucine zipper") present within the 
region of homology may facilitate interactions 
between monomers of these proteins (Kouzarides and 
Ziff, 1988; Nakabeppu et a/.. 1988). The hydrophobic 
backbone generated by the leucine residues contacts 
the jun leucine repeat generating strong Van der 
Waal's-type bonds; Both proteins cooperate in 
binding to DNA. ; In conclusion, the Fos-Jun 
complex, due to this particular interaction, binds 
tighter to DNA thai: the Jun protein alone. The 
family of Jun (c-Jun-B^c-Jun-D, etc.) and Fos-related 
proteins (Fos-B, Fos-re)ated antigens or FRA) makes 
possible a large number of combinations between 
members that should be able to interact with different 
portions of the genome (Sheng and Greenberg, 1 990). 

2.2. Fos-Related Antigens 

Curran er:,fl/. (1985) produced polyclonal anti- 
bodies agaitis||c-Fos amino acids 127-152. This 
sequence is idfitical in v-Fos and c-Fos. This 
antibody precipitates Fos in the form of a protein 
complex with a sefexyf cellular proteins (Curran et al.. 
1985; Franza et al., 1988). Within this set of proteins, 
there are several Fos-related antigens (FRAs) which 
cross-react with the c-Fos protein (Franza et a/., 
1987). Up to 12 FRAs have been described (Franza 
et al., 1987; Franza et at., 1988). Several of these 
FRAs recognize, as does Fos, sequence elements that 
contain AP-1 binding sites (Curran et al., 1985). 

The FRAs can be induced in the brain by stimuli 
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that up-regulate c-Fos (Sonnenberg et at., 1989). 
Since the initial study by Sonnenberg et at. (1989), 
several studies have shown a temporal or spatial 
dissociation in the induction of c-fos and Fos-related 
antigens (FRA) (Hoffman et at,, 1993; Earnest et at., 
1992; Zhang ef at., 1991, 1992b; Dragunow et al. % 
1991a, 1991b, I990d, 1990e; Aronin et at.. 1991; 
Sharp et at,. 1990, 1 99 1; Hughes et at., 1992; 
Anderson et at., 1994). The expression of Fos and 
FRAs was analysed during postnatal development of 
the brain (Alcantara and Greenough, 1993). Transi- 
ent Fos expression frequently was followed by a more 
protracted time course of FRA expression (Alcantara 
and Greenough, 1993). The FRAs were expressed in 
subplate neurons between postnatal day 1 (PI) and 
PIS, in striatal striosome and matrix between PI and 
P9, in entorhina) and piriform cortical neurons 
between PI and P9, in cerebellar Purkinje neurons 
between P5 and P10 and in pyramidal neurons in the 
hippocampus between PI and P9 (Alcantara and 
Greenough, 1993). The FRAs alone were expressed in 
pyramidal neurons in cerebral cortex between PI and 
P15 (Alcantara and Greenough, 1993). In adult rats, 
low levels of FRAs IR were seen in the granule cells 
of the dentate gyrus (Hughes et at., 1992) and in 
cerebellar Purkinje cells (Nakumura et at.. 1991). 



2.3. C-fos in Non-Neural Tissue 

Outside the CNS, c-fos localization often reflects 
the original association of the mouse viral oncogene, 
v-fos, with osteogenic sarcoma and bone formation. 
Thus, the transgenic mouse bearing a c-fos knockout 
lacks death and has bone deformations. Constant 
levels of c-Fos protein were observed in the 
undissected mouse placenta throughout the gesta- 
tional period (Verma et at., 1984). During mid-ges- 
tation, dissected placentae showed c-fos mRNA 
levels that were almost 15-fold higher in the outer 
portion of the placenta than in the differentiated 
syncytiotrophoblast. This suggests that, during 
mid-gestation, c-Fos protein originates mostly from 
maternally derived decidua basalis or from foetal 
cytotrophloblast. In the inner placenta, the levels of 
c-Fos protein increase gradually as gestation pro- 
ceeds, reaching a level approximately 50% of that 
found in the outer portion (Muller et a/., 1982, J 984). 
Highest levels of fos expression were observed in the 
amnion (Verma et at., 1984), almost as high as those 
observed in cells transformed by FBJ-MSV. 

In the mouse foetus, the expression of c-fos was 
low throughout the gestational period from days 10 
to 17; however, levels increased five-fold at later 
stages of prenatal development. Analyses of newborn 
tissues and 10-day-old mice revealed high levels of 
c-fos expression only in bone (rib cage and vertebra 
including bone marrow), muscles and part of the 
pleura and peritoneum subcutaneous tissue. 

In in situ hybridization in mouse embryos, Dony 
and Gruss (1987) showed that c-fos expression was 
stage-specific and restricted to perichondria! growth 
regions of the cartilaginous skeleton. They also found 
high c-fos transcription in web-forming mesodermal 
cells with high growth capacity, suggesting a 
tissue-specific regulatory role of c-fos during 



"differentiation-dependent growth" of foetal bone 
and mesodermal web tissue (Dony and Gruss, 1987). 

Distribution of c-Fos in human tissues revealed a 
similar pattern to that described in mice; structure of 
the protein is highly conserved in humans when 
compared to the murine protein (van Straaten et at., 
1983). High levels of Fos protein were reported also 
in foeta! liver. Among haematopoietic cells analysed, 
high levels of c-Fos had only been detected in mast 
cells, blood monocytes, differentiated neutrophils and 
macrophages. Several groups of cells show a low level 
of c-Fos, but c-Fos in these cells is highly inducible. 



2.4. Activation of c-fos in Vitro 

In most celi types, c-Fos protein levels are 
relatively low under basal conditions (Curran, 1988). 
However, serum and polypeptides can greatly 
stimulate, in a transient manner, c-Fos expression 
(Curran and Morgan, 1985; Greenberg et at., 1986; 
Greenberg and Ziff, 1984; Sheng and Greenberg, 
1990). Although these stimuli were linked to cell 
division, other signals associated with neuronal 
excitation also can elicit transient c-Fos expression, 
e.g. voltage-dependent Ca~ * channel activation 
(Greenberg et at.. 1986; Morgan and Curran, 1986) 
and neurotransmitters (Greenberg et at., 1986). In 
PC 1 2 cells, depolarizing stimuli might induce c-Fos 
through calmodulin and calmodulin-dependent pro- 
teins (Morgan and Curran, 1986). The protein kinase 
inhibitor 2-aminopurine (2AP) blocks the induction 
of the human b-interferon gene by poly i-poly c or 
by virus. In addition, it blocks the induction of c-fos 
by serum growth factors (Zinn et at., 1988), 
suggesting that a protein kinase might be involved in 
the regulation of this gene. 



2.4. 1 , Neuronal Cultures 

Exposure of primary neuronal cultures to depolar- 
izing stimuli induces the expression of c-fos. Szekely 
et at. (1987,1989. 1990) demonstrated that glutamate- 
induced activation of c-fos was mediated through 
NMDA receptors in rat cerebellar neurons. Similar 
findings were observed in primary cultures of 
hippocampal neurons. Studies in cortico-striatal 
neuronal cultures demonstrated an increase in c-fos 
mRNA elicited through activation of NMDA, 
AMPA and metabotropic excitatory amino acid 
receptors (Vaccarino et at., 1992). Treatment of 
neuronal cultures with high potassium concen- 
trations, a non-specific depolarizing stimulus, induces 
the expression of c-fos (Didier et at., 1989; Bading 
et at., 1993; Ghosh et al. % 1994). The activation of 
c-fos is dependent on extracellular Ca 2 * and can be 
inhibited by EGTA, a calcium chelator; L-type Ca 2 * 
channel blockers; and, by calmidazolium and KN-62 
a, calmodulin and CaM kinase inhibitors, respect- 
ively (Bading et at., 1993). Activation of c-fos 
through glutamate was inhibited by EGTA but 
unaffected by calmidazolium or KN-62 suggesting 
that different depolarizing stimuli activate c-fos 
through different calcium signalling pathways (Bad- 
ing et at., 1993). 
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Fig. I. Differential uprcgulation of r-/i« alter kuinic acid-induced seizure. Administration of kainic acid 
(12 mg i.p.) results in the rapid induction of c-fos-Wkc immunoreaclivity. (A) Rat hippocampus 3 hr after 
KA administration. The animal was perfused intracardially with 4% paraformaldehyde, the brain was 
removed and processed for c-fox immunoreaclivity (CRB sheep anti-fos). Note the intense nuclear 
immunostaining in the dentate gyrus (DG) of the hippocampal formation and in the pyramidal cell layers. 
(B) Administration of saline i.p. resulted in no increase in CFLIR when compared to controls (not shown). 

Micrographs by Drs C. Plummicr and H. A. Robertson. 



87 



18069302 




Fig. 2. In situ hibridization for c-fos 60 min after kainic acid administration. Note intense signal in the 
DO and in the pyramidal cell layers. The brain was removed and frozen, then sections were incubated 
with c-fos probe S35 for J 4 days. Micrographs by Drs J. Armstrong and H. A. Robertson. 
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2.4.2. Astrocytic Cultures 

Activation of c-fos in astrocytes in vitro has been 
demonstrated initially by Arenander et al. (1989a b). 
These studies suggested that depolarizing stimuli, 
which induced c-fos in PC 1 2 cells and neurons in 
culture, were ineffective in activating c-fos in 
astrocytes. High K* concentrations (50 mM) did not 
activate IEGs. However, in a more recent study, 
higher K + concentrations (140 mM) induced c-fos 
expression in a Ca 2 * -dependent manner (Mc- 
Naughton and Hunt, 1992). Furthermore, c-fos 
expression was induced by excitatory amino acids. 
Unlike neurons, c-fos expression in astrocytes was 
not activated by TV-methyl-D-aspartate (NMDA), 
which is expected given that astrocytes do not possess 
receptors for NMDA, but was induced by KA and 
quisqualic acid (QA) (Condorelli et a!., 1989; 
McNaughton and Hunt, 1992). The response to QA 
was mediated through both AM PA ionotropic 
receptor and QA metabotropic receptor (Mc- 
Naughton and Hunt, 1992). Kainate receptor 
stimulation induced c-fos expression independent of 
extracellular calcium levels in contrast to neurons. 
Activation of c-fos in glial cells by excitatory amino 
acids appears to be an in vitro phenomenon 
(McNaughton and Hunt, 1992). 

Induction of c-fos in astrocytic cultures is 
consistently elicited by trophic factors, phorbol-12- 
myristate-13-acetate (PMA). 



3. DETECTION OF C-fos AND FRAS 

The study of the activation of c-fos of the brain is 
obviously based on the detection of c-Fos protein 
(Fig. 1) or c-fos mRNA (Fig. 2). As discussed in 
Section 2.2, there are a set of proteins which share 
epitopes with Fos, the FRAs. These are induced by 
stimuli similar to those that upregulate c-fos. Thus, 
it is important, when looking at c-fos immunoreactiv- 
ity, to consider which antibodies are being used and 
how specific they are for c-fos. 

Among the antisera specific for c-fos only the 
following are included: 456 Fos (Medac-Genentech- 
nologie); Alu antiserum (raised against amino acids 
1-131; Cohen and Curran, 1990); LAG4I (Microbio- 
logical associates) raised against the N-terminal end, 
Fos 4-17; CRB OA-1 1-823 (Cambridge Research 
Biochemicals) raised against amino acids 2-16 of the 
N-terminal region of the c-Fos protein; PEPA 53 
(Serotec) also raised against residues 2-16. 

Within the antisera that recognize both Fos and 
FRAs, several studies were done; with the antisera 
raised against the M peptide (amino acids 127-152 of 
the Fos protein) by Curran et al. (1985), the 
commercially available PC05 Fos antibody and Abl 
(Oncogene Science) recognize FRAs. 



4. THE C-FOS IN THE BRAIN 

In this section, the expression of c-fos in the adult 
brain in vivo will be reviewed. Studies analysing the 
expression of c-fos under basal conditions will be 
considered initially. A recent paper had reviewed the 
expression of c-fos in central autonomic and sensory 



systems (see Krukoff, 1993). In addition, a review on 
LTP and IEGs also is available (Abraham et a!., 
1992). 

4. A. Basal Levels of c-fos 

Studies of the basal expression of c-fos are 
reviewed in a separate section on human brain 
studies. Within this latter section, recent studies on 
c-fos and Alzheimer's disease will be discussed. 
Further discussion on c-fos expression in the human 
brain can be found in Section 4.2.2. 

4.1.1. Adult Non-Human Brains 

The presence of c-fos-Wkt immunoreactivity (IR) in 
the adult rat brain was initially reported in 1987 
(Dragunow et al., 1987). In that initial study, 
immunohistochemtstry was done with polyclonal 
antibodies to the 27 amino acid fragment of the c-Fos 
protein known as M peptide (Curran et al., 1985). 
Adult Sprague-Dawley rats were perfused intracar- 
dially with paraformaldehyde and the brains re- 
moved; a dark nuclear staining was found in 
hippocampal pyramidal neurons, granule cells of the 
dentate gyrus and in sparse neurons throughout the 
cerebral cortex (Dragunow et al., 1987). In a more 
detailed study (Dragunow and Robertson, 1988a), 
using the same polyclonal antibodies, low levels of 
immunostaining were seen in areas CA1 and CA3 of 
the hippocampus, granule cells in the dentate gyrus 
as well as the amygdala, striatum, piriform cortex and 
cerebellum; Purkinje cells showed diffuse non-specific 
staining and staining in the midbrain, thalamus and 
septum was very low and absent in glial cells. It was 
suggested that the low levels of c-fos 1R seen with the 
anti-M peptide did not necessarily mean the presence 
of basal levels of c-Fos protein, but might represent 
a cross-reacting protein(s). 

A more recent study (Hughes et a/., 1992) reported 
the basal expression of the inducible IEG fosjun and 
Krox-24 (previously known as TIS 8, egr-l, NGF-IA 
or zif 268) in the hippocampus. Antisera specific for 
(a) fos only; (b)fos and FRA; (c) Krox-24 and (d) Jun 
family (including c-Jun, Jun B and Jun D) were used. 
Very high basal levels of Jun were seen in the dentate 
granule cells with hijgh basal levels of Krox-24 seen 
in the CA l-subiculum region of the rat hippo- 
campus. Basal levels of FRAs, but not of c-fos, were 
found in the dentate granule cells. These results 
strongly suggested a differential regulation in the 
expression of these IEGS and confirmed that basal 
levels of c-fos are very low. 

4.1.2. The c-fos in Human Brain 

The presence of FLIR was studied in sections from 
human anterior temporal cortex obtained from 
patients ; ; who were operated on for treatment of 
intractable p^jctial complex seizures (Dragunow et a/., 
1990c). The ^tissue was processed using antisera 
against the M peptide of the c-Fos protein which also 
detects FRAs. The FLIR was seen in the nucleus of 
neurons in the hippocampus, dentate gyrus and 
temporal cortex. 

The CFLIR had been studied also in post-mortem 
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» human brains. The IR was found in the cerebral 
cortex, hippocampus, striatum, thalamus and cer- 
ebellum, but not in the upper brain stem (Zhang 
et «/.. 1992a). 



factors. Thus, the fact that c-fos: was induced after 
wounding of a monolayer led the authors to suggest 
an early role of c-fos in wound healing and tissue 
regeneration. 



4.1.2.1. A Izheimers disease (AD) 

The CFLIR or, more correctly. FLIR, has been 
sought in post-mortem in brains of patients with 
Alzheimer's disease. No staining was observed in the 
senile plaques or in neurofibrillary tangles, but there 
was a significant increase in FLIR in the hilus, the 
fimbria and in the CA1 area of the pyramidal cell 
layer (Zhang et al. % 1992a). 

Recently, both Jun and FLIR were reported to be 
intensified in post-mortem brains of patients with* 
Alzheimer's disease. Both Jun and FLIR were 
co-localized with paired helical filament-1 (PHF-1) in 
some neurons in AD brain (Anderson et a/.. 1994). 
The PHF-1 is a marker for neurofibrillary tangles, 
one of the pathological hallmarks of AD. Further- 
more, Jun and FLIR were co-localized with glial 
fibrillary acidic protein (GFAP)-positive astrocytes 
distributed in the cortex of AD and control cases, and 
in astrocytic cells surrounding thioflavine-stained 
plaques in AD brains. These findings suggested that 
c-fos and jun may play a role in the pathogenesis of 
AD, possibly reflecting the initiation of a cell death 
program in some neurons. Support for this 
hypothesis, came from a recent report by Smeyne 
et al.^ 1993b). in which accumulation of c-fos was 
observed in the cytoplasm of fibroblasts undergoing 
apoptosis. Thus, a recent study (Rogaev et al. % 1993) 
observed the coding sequence of c-fos on chromo- 
some 14 as a potential locus for familial AD; 
however, this hypothesis was not supported by the 
evidence found. The authors did not rule out a 
possible role for the non-coding sequences of c-fos in 
familial AD. in summary, although there is no 
evidence directly linking pathogenic mechanisms of 
AD to c-fos expression, a role for c-fos in AD cannot 
be ruled out. Although it seems certain that the c-fos 
locus is not involved in familial forms of AD (Morris 
and St. Claire, 1994). one of the possible loci for 
familial AD is on chromosome 14 at precisely the 
same site (I4q: 23.1) as c-fos and hsp-70. the gene for 
the inducible heat shock protein (St-George-Hyslop 
et a/., 1992). However, both these genes have been 
excluded as the gene located at I4q: 23.1 (Morris and 
St. Claire, 1994; Rogaev et <//., 1993). 

4.2. Activation of c-fos Following Brain Injury 

In 1986, Verrier et ai. (1986) demonstrated that 
wounding an in vitro fibroblast monolayer resulted in 
rapid and transient induction of the c-Fos protein. 
This induction was observed in the majority of cells 
lining the wound but not in those at a distance greater 
than approximately five cell layers from the wound. 
It has been shown previously (Stiles et a/., 1979) that 
quiescent BALB/c 3T3 fibroblasts may be induced to 
enter the cell cycle and reach S-phase not only when 
exposed to certain growth factors, but also when a 
confluent monolayer is wounded. These findings 
suggested that wounding in this system was 
equivalent to treatment with certain "competence" 



4.2.1. Mechanical Brain Injury 

In the adult rat brain, Fos activation has been 
detected throughout the cortex after injury to this 
hemisphere from mechanical trauma (Dragunow and 
Robertson, 1988b). The ipsilateral cortex was affected 
throughout and no significant increase in FLIR was 
seen in the contralateral cortex. Increased FLIR was 
seen as early as 1 hr after the insult. Activation of 
c-fos appeared especially noticeable in cingulate and 
piriform cortices and was observed even 72 hr after 
the injury; however, maximal levels were attained 
within 6 and 12 hr. Immunohistochemistry for these 
experiments was done using an antibody directed at 
the M peptide which also detects FRAs (Dragunow 
and Robertson, 1988b). 

Another remarkable finding in this study was the 
presence of fos immunoreactivity in glia-like cells. 
Maximal levels were visualized between 12 and 24 hr 
following brain damage. In a more recent report 
(Dragunow et at.. 1990a). double-labelling immuno- 
histochemical studies demonstrated that FLIR could 
be detected in cells which also had positive GFAP 
immunoreactivity. However, c-Jhs IR was absent in 
cells which had glycerol-phosphate dehydrogenase 
(GPDH) IR (an oligodendrocyte marker). Impor- 
tantly, no GPDH IR could be detected close to the 
injury. The FLIR was seen around the wound in 
non-neuronal cells that were both GFAP-positive 
and GFAP-negative. In a similar set of experiments 
following perforant-path lesion, which is ac- 
companied by increase in GFAP IR in hippocampal 
astrocytes, c-fos IR was not seen in non-neuronal 
cells in the hippocampus, suggesting that induction of 
c-Jos in glial cells could be seen after focal brain 
injury but not during Wallerian degeneration. 

The fact that c-fos induction in these glia-like cells 
was limited only to the area surrounding the lesion 
suggests the possibility that c-fos in these cells is 
induced by factors diffusing from the damaged area. 
Therefore, from this initial study, it was evident that 
brain injury-induced c-fos activation was evident 
both at the lesion site and far from the lesion site 
throughout the cortex ipsilateral to the wound. The 
FLIR could be seen, as mentioned, up to 72 hr after 
injury (Dragunow and Robertson, 1988b; Sharp 
et a/., 1990; Sharp et a!.. 1989). However, in a study 
in which immunohistochemistry was done with both 
a specific monoclonal antibody and with polyclonal 
antibodies against the M peptide, CFLIR could only 
be seen up to 72 hr after injury only with the 
polyclonal antibodies (Sharp et a/., 1990). The 
CFLIR (using the monoclonal, more specific, 
antibody) disappeared by 4 hr after cortical lesions. 
Furthermore, in that same study, c-fos mRNA, 
assessed by in situ hybridization, disappeared within 
3-8 hr after cortical injury. A similar pattern of c-Fos 
expression was seen after administration of quinolinic 
acid into the lateral ventricles, suggesting an NMDA 
receptor-mediated process. Administration of CPP, a 
competitive NMDA antagonist, into the ventricles 
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prevented the induction of c-Fos in the ipsilateral 
cortex, except in the area of injury itself (Sharp et a!., 
1990). The administration of quisqualic acid, a 
non-NMDA glutamate receptor agonist, induced 
CFLIR in the hippocampus but not in neocortex 
(Sharp et a!. % 1990). Study of the temporal and spatial 
c-fos expression after unilateral cortical lesion using 
Northern Blot analysis and in situ hybridization 
showed a 20-fold increase in the c-fos mRNA content 
in the ipsilateral cortex and a more modest, yet 
significant, increase in the contralateral cortex 
(Ruzdijic et a/., 1993). 

Cortical injections of nerve growth factor (NGF) 
were reported to induce a pattern of c-fos expression 
similar to the one described after traumatic cortical 
injury (Sharp et aL y 1989). It was hypothesized, at the 
time, that trophic factors or other molecules released 
at the site of the injury could contribute to c-fos 
induction throughout the ipsilateral cortex. However, 
it seems unlikely that simple diffusion of such factors 
will explain the pattern of immediate early gene 
expression. 

Traumatic injury to the hippocampus induced c-fos 
expression throughout the dentate gyrus even far 
from the lesion without affecting the contralateral 
limbic system (Dragunow et al.< 1990b). Systemic 
administration (intraperitoneally) of MK-801, a 
non-competitive NMDA antagonist produced a 
dose- and time-dependent inhibition of c-Fos protein 
accumulation in neurons in the dentate gyrus and 
piriform cortex, without affecting expression of 
CFLIR in glial or ependymal cells (Dragunow et at.. 
1990b). 

Recently, the expression of mRNA for c-fos and 
the 72 kDa heat shock protein (HSP 72) was 
determined using in situ hybridization following 
lateral fluid-percussion injury (2.2-2.4 atm) in rat 
brain (Raghupati et al. % 1995). In this model and, 
similarly to other models of brain injury, 2 hr after 
injury, induction of c-fos was observed throughout 
the cortex ipsilateral to the site of injury, while 
increased expression of HSP72 was observed only in 
cortical regions surrounding the contusion area; an 
increase in c-fos was observed bilaterally in the CA3 
area of the hippocampus and the granule cells of the 
dentate gyrus and in the thalamus ipsilateral to the 
impact side (Raghupati et at., 1995). By 6 hr, 
increased expression of c-fos was observed only in the 
corpus callosum on the impact site. By 24 hr, c-fos 
mRNA had returned to control levels in all regions 
of the brain. 

Mechanical injury to specific pathways within the 
CNS have been reported to affect the regulation of 
c-fos expression. Lesions, simultaneously produced 
to the entorhinal cortex and the fimbria-fornix 
pathway, both disrupting afferents to the hippo- 
campus, result in a transient increase in c-fos 
expression in the dentate gyrus (DG) (Chen and 
Hillman, 1992). Dragunow (1992) showed that 
fimbria-fornix lesion induced Jun-like IR, but not 
c-fos, in medial septal-diagonal band neurons. He did 
not report induction of c-fos in the hippocampus. 
After medial forebrain bundle axotomy, c-fos 
expression was observed in the locus ceruleus and in 
the striatum, but not in the substantia nigra pars 
com pacta where neurons would degenerate (Joh and 
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Weiser, 1993; Leah et a!, y 1993; Weiser et a/., 1993). 
These results further support the idea that c-fos 
expression after injury may be needed for neuronal 
survival. Lesions of the SNc by 60HDA resulted in 
long-term overexpression of FRAs but not of c-fos 
(Dragunow et aL, 1991b). 

4.2.2. Ischaemic Brain Injury 

Studies of c-fos expression in vivo after ischaemic 
damage may be subdivided into those which 
investigate the effects of either global or focal 
ischaemia. 

Transient global ischaemia after bilateral common 
carotid artery occlusion in gerbils (Ikeda et al.. 1990) 
induced the expression of c-fos mRNA in dentate 
gyrus neurons from 15 to 60 min after insult and in 
CAI and CA3 neurons after 30-60 min. Studying 
c-fos mRNA using Northern blot analysis, Onodera 
et al. (1989) showed increased c-fos expression at 4 hr 
after a transient four-vessel occlusion in rats 
(Onodera et al., 1989). In similar studies (Jorgensen 
et a/., 1989, 1991), increased expression of c-fos 
mRNA was observed 3 days after transient four- 
vessel occlusion in CAI neurons of rat hippocampus. 
Analysis of c-fos and c-jun expression with in situ 
hybridization following transient forebrain ischaemia 
induced by four-vessel occlusion showed a pattern of 
activation most intense in the granule cells of the 
dentate gyrus (Wessel et al., 1991). All animals 
underwent 20 min of transient ischaemia and highest 
activation was seen in the DG at 30 min after insult: 
hilar cells in the DG and CA3 pyramidal neurons 
showed a more delayed expression of 1EG at about 
60 min post-insult; neurons of CAI exhibited a 
moderate signal at 1-2 hr post-insult. In the 
hippocampus, levels returned to baseline after 
approximately 6 hr. Similarly, granule cells in the 
cerebellum showed a rapid and transient increase in 
I EG expression after insult followed by a delayed 
expression in Purkinje cells with no further expression 
after 3 hr. Interestingly, as previously reported 
(Jorgensen et a/., 1989), there was a second peak of 
1EG activation in the CAI pyramidal cells 24-72 hr 
post-insult. The CAI pyramidal cells, along with 
small and moderate size spiny neurons in the 
dorsolateral striatum, undergo delayed neuronal 
death after transient! global ischaemia. These results 
were in contrast wtift: Northern blot analysis after 
forebrain ischaemia, ^hich showed only a transient 
increase in c-fos, between 30 min and 4 hr. Uemura 
et af. (1991) reported increases in CFLIR in the 
hippocampus of gerbils after transient global 
ischaemia. The c-fos induction was seen in DG, CA3 
and CA4 regions, 2-8 hr after transient bilateral 
carotid occlusion, which was prevented by the 
administration of MK-801 prior to the insult. There 
was no marked increase in c-fos IR in the CAI area 
virtually at any time. The discrepancy could be 
secondary to the different species and techniques 
used; most likely, there is a dissociation between 
mRNA and protein synthesis in neurons that are 
undergoing delayed death. Expression of c-fos is 
induced strongly by influx of calcium (Morgan and 
Curran, 1986) which occurs at the time of neuronal 
death, and is inhibited by the Fos protein itself. Cell 
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. death produces inhibition of protein synthesis, but 
the massive influx of Ca 2 + that occurs with cell death 
may induce c-fos mRNA without the subsequent 
production of the c-Fos protein. 

The patterns of CFLIR after transient global 
ischaemia in gerbils obtained by Bokesch et al. (1994) 
resembled those previously described by Uemura 
et al. (1991). In addition, it was found that 
dextrometorphan inhibited the induction of c-fos 
from 65 to 91% and protected against delayed 
neuronal death in the CA1 region of the hippo- 
campus. Hyperglycaemia, which enhances brain 
injury from transient global ischaemia (TGI) was 
studied for its effect on c-fos expression post-TGI in 
gerbils (Combs et al., 1992). Administration of 
glucose 4 g/kg prior to 20 min of bilateral carotid 
artery occlusion completely suppressed post-is- 
chaemic c-fos expression (Combs et aL, 1992), 
suggesting that this effect could contribute to 
hyperglycaemia-enhanced ischaemic brain damage. 

Levels of c-fos mRNA were studied after TGI of 
varied duration in gerbils (Ikeda et al., 1994). Striking 
accumulation of c-fos mRNA was detected within 
1 5 min of reperfusion in dentate granule cells, 
persisting through I hr, and a weaker signal was 
observed in CA1 and CA3 pyramidal neurons of 
hippocampus as well as in entorhinal cortex and 
neocortical regions in the same interval. Levels of 
c-fos mRNA had returned to control levels by 3 hr 
recirculation. Ischaemic insults of 1 min duration 
resulted in no detectable increase of c-fos, while 
2 min ischaemia resulted in changes comparable to 
those seen after 5 min insults (Ikeda et al., 1994). A 
recent study examined the temporospatial expression 
pattern of c-fos t c-jun, Jun-B and NGFI-B following 
30 min of global ischaemia in rat brains using in situ 
hybridization and immunohistochemistry (Neu- 
mann-Haefelin et al.* 1994). Ischaemia caused a 
widespread early onset induction of c-fos and a late 
onset induction restricted to vulnerable regions. Late 
onset c-fos induction was observed in the CA I region 
and the ventral thalamus but not in the striatum or 
neocortex, where neurons degenerate at a quicker 
pace (Neumann-Haefelin et al. % 1994). 

Focal ischaemia, either by cortical devasculariza- 
tion or MCA occlusion, induces expression of c-fos 
in a pattern which resembles that observed after 
mechanical brain injury. There is increased c-fos 
expression throughout the cortex ipsilateral to the 
ischaemic injury, being especially marked in the 
piriform and cingulate cortices. Administration of 
NMDA antagonists prior to the injury (Herrera and 
Robertson, 1989, 1990a; Uemura et aL, 1991; Gass 
et aL, 1992; Christensen et al., 1993) prevented the 
induction of c-fos in neurons but not in glial or 
ependymal cells. Neither atropine, a muscarinic 
receptor antagonist, calcium channel blockers (Her- 
rera and Robertson, 1990a) or anti-inflammatory 
drugs (Olenik et al., 1991), had any effect on the 
induction of c-fos after focal ischaemia. 

In a recent study, An et al. (1993) confirmed several 
of these findings. The expression of not only c-Fos, 
but also Jun-B, c-Jun and Jun-D, were investigated in 
cerebral cortex after ligation of the MCA for 30 or 
90 min. Expression of c-Fos and Jun-B followed the 
pattern previously described: gene up-regulation in 



the ipsilateral cerebral cortex even far from the lesion 
site. The authors also reported increased c-Fos and 
jun-B expression in the ipsilateral hippocampus. The 
anatomical distributions of c-Fos, Jun-B and, to a 
lesser extent, c-Jun v in these experiments were not 
explained by the authors, but it is likely that 
spreading depression (SD) may have played some 
role (see Herrera and Robertson, 1990a). 

There seems to be an age dependency in the 
expression of c-Fos after hypoxia -ischaemia (Gunn 
et al., 1990; Blumenfeld et al., 1992; Munell et al., 
1994). After ischaemic brain damage, there was a 
more focal pattern of expression of HSP 72 compared 
to c-Fos (Welsh et aL, 1992; Ikeda et al., 1994), 
suggesting different roles for both proteins. 

The mechanisms underlying the induction of c-Fos 
after brain ischaemia are yet to be elucidated. To 
clarify the role of oxygen free radicals in the 
expression of c-Fos, the distribution of c-fos mRNA 
was investigated in Cu-Zn-superoxide dismutase 
transgenic mice (Tg) compared to control littermates 
(nTg) after a mild (10 min) focal cerebral ischaemia 
produced by transiently occluding the middle 
cerebral artery (MCA) (Kamii et aL, 1994). There 
was induction of c-fos mRNA at I and 6 hr after 
reperfusion in the ipsilateral hippocampus and 
thalamus in Tg mice, but only at I hr in the same 
regions in nTg mice. These results suggested to the 
authors (Kamii et aL, 1994) that oxygen radicals may 
suppress the expression of c-fos in the hippocampus 
and thalamus following transient occlusion of the 
MCA. 

4.2.3. Heat Shock 

Exposure of animals to elevated temperature can 
induce a specific set of proteins in the brain; these 
proteins are known as heat shock proteins (HSP) 
(Brown, 1990). It has been postulated that HSP may 
have a protective role from stressors, both in vitro and 
in vivo < Brown, 1990). Administration of heat shock 
to rabbits induced HSPs in the brain, mostly in glial 
cells (Sprang and Brown, 1987). A similar treatment 
given to rats induced the expression of FLIR in glial 
cells, in a pattern comparable to that observed in 
rabbits for HSPs (Dragunow et aL, 1989b). A more 
recent study demonstrated that hyperthermic, heat- 
exposed rats had significantly more Fos-immuno- 
reactive neurons in the median preoptic nucleus and 
in preoptic areas than control or cold-exposed 
animals (Scammell et aL, 1993). These latter results 
help to establish that neurons in the preoptic areas 
participate in thermoregulation. 

4.2.4. Spreading Depression and NMDA Receptors 

The pattern of c-fos activation with the entire 
cortex, or hippocampus, ipsilateral to the injury being 
affected without contralateral involvement, prompted 
the idea that the underlying mechanism of c-fos 
activation was due to SD. Spreading depression is a 
temporary depression of electrical activity which can 
be elicited by electrical, mechanical or chemical 
stimulation applied topically to the cerebral cortex 
(Leao, 1944). Significantly, SD remains within the 
stimulated hemisphere and is inhibited with a high 
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dose of the NMDA-receptor antagonist ketamine 
(Hernandez-Caceres et a/., 1987: Marranes et a/., 
1988). Similarly, c-fos activation is restricted to the 
damaged hemisphere and, like SD, is prevented by 
ketamine and related compounds (Herrera and 
Robertson, 1989, 1990a, 1990b; Herrera et a/., 
1993c). Mechanical brain injury of the cortex also will 
disrupt the pia-arachno id blood vessels producing 
focal ischaemia to the underlying cortex. By 
producing a limited disruption of the pia-arachnoids 
without producing direct damage to the underlying 
cortex, the effects of focal ischaemia vs those of direct 
mechanical injury can be isolated. Thus, cortical 
devascularization can induce c-fos activation in a 
pattern similar to that observed after mechanical 
injury possibly through SD (Herrera and Robertson, 
1989, 1990a, 1990b). 

Topical application of KCl to the brain surface, a 
reliably and consistent way of eliciting SD, results in 
the expression of FL1R throughout the ipsilateral 
cortex. This effect is inhibited by the NMDA 
antagonist MK-801 (Herrera and Robertson, 
1990; Herrera et a/., 1993b). The induction of other 
transcription factors by SD has been reported 
recently (Herdegen et at., 1993). 

Mechanical injury of the hippocampus (Dragunow 
and Faull, 1990) and administration of high 
potassium concentrations directly into the hippo- 
campus resulted in a similar pattern of induction of 
c-fos (Herrera et at., 1993b). The concentrations of 
KCl used in the latter study were similar to those 
shown to consistently induce SD (Szerb, 1991). 
Furthermore, the induction of c-fos was NMDA 
receptor-mediated and correlated with increase in 
glutamate, but not acetylcholine, release (Herrera 
et at., 1993b). A recent report supports a role for 
NMDA receptors in mediating c-fos induction after 
brain injury (Amir et at.. 1994). However, in that 
same study, it was shown that fos induction was not 
reduced in lactating dams (days 7-9), post-partum or 
progesterone-treated males, somehow contradicting 
the hypothesis that suckling stimulation and pro- 
gesterone have a direct effect at the NMDA receptor 
(Amir et at., 1994). 

Spreading depression induces CFLIR, not only in 
the cortex but in subcortical structures as well. 
Increase in CFLIR after SD was reported in the 
superficial laminae of the trigeminal nucleus caudalis 
(Moskowitz et at., 1993), possibly via trigeminovas- 
cular mechanisms. 

Thus, it should be kept in mind that overexpression 
of c-fos after mechanical, chemical or ischaemic brain 
injury can be due partially to SD. 



4.3. Induction of fos after Generalized Seizures 

Activation and detection of c-fos in vivo has been 
proposed as a method to map metabolically the brain 
after specific stimuli (Sagar et at., 1988; Morgan 
et at., 1987; Dragunow and Faull, 1989). Thus, in 
retrospect, it is not surprising that activation of c-fos 
was initially described after the administration of 
seizure-inducing stimuli (Dragunow and Robertson, 
1987a; Morgan et at., mi). 



4.3.1. Pentylenetetrazol and Kainic Acid-Induced 

■ 

Seizures 

The most striking feature of c-fos expression in the 
CNS is the dramatic, rapid and transient increase in 
c-fos mRNA and c-Fos protein levels following 
specific stimuli. For example, pentylenetetrazol 
(PTZ) administration evokes generalized seizures that 
produce a massive induction of Fos protein(s) in the 
cingulate and piriform cortices as well as in granule 
cells of the dentate gyrus (Dragunow and Robertson. 
1987a, 1987b; Morgan et al. % 1987). Maximal levels 
of c-fos expression were attained in granule cells of 
the dentate gyrus within 30-60 min, and in pyramidal 
cells within 3-4 hr. At approximately this time, 
immunostaining in both neocortex and caudate 
showed high levels of fos imrnunoreactivity (Dra- 
gunow and Robertson, 1987b: Morgan et at., 1987). 
Northern blot analysis of c-fos and c-jun in rat 
hippocampi after PTZ administration showed a rapid 
increase in c-fos (within 30-60 min) with a more 
protracted elevation of c-jun. This increase in 
proto-oncogene mRNA was followed by a parallel 
elevation in c-Fos protein and in AP-Mike DNA 
binding activity. As shown by Morgan et at. not only 
c-Fos protein, but also FRAs were elevated, of which 
some were still present in the brain up to 1 7 hr after 
seizure (Sonnenberg et at., 1989). 

In studies using transgenic mice, the pattern of 
c-fos expression was different in animals that received 
PTZ from those that received kainic acid (KA) 
(Smeyne et aL, 1992a. 1992b). The KA-induced 
seizures produced c-fos expression in limbic struc- 
tures but minimal expression in cerebral cortex, while 
administration of NMDA antagonists had little 
effect. The PTZ induced c-fos both in limbic areas as 
well as in neocortex; and NMDA antagonists blocked 
proto-oncogene expression entirely. 

Administration of KA results in a rapid increase in 
c-fos expression (see Figs I and 2) (Popovici et at.. 
1988: LeGalle LaSalle, 1988; Jorgensen et at., 1991: 
Schreiber et at.. 1993). At 90 min after KA 
administration increase in CFLIR was seen in the 
dentate gyrus of the hippocampus, particularly in the 
temporal pole. Moderate labelling was seen in 
primary olfactory nucleus, entorhinal cortex, medial 
amygdaloid nucleus and the pyramidal layer of CA1 
region. At later times (3 -6 hs) after KA adminis- 
tration CFLIR expression increased as the epileptic 
activity propagated to other limbic areas. CFLIR 
increased not only in hippocampus but also in 
cingulate cortex, amygdala, reticular thalamic nu- 
cleus and in some non-limbic structures such as the 
striatum. At 12 hr after. KA administration, CFLIR 
was seen in primary frontal cortex with now lower 
levels in limbic areas. Similar, experiments showed 
that CFLIR was increased in the DG up to 5 hr and 
in the pyramidal cell layers CA3, CA4 and 
particularly CAl up to 24 hr after KA administration 
(LeGalle LaSalle, 1988). 



4.3.2. Induction of fos by Opiates and Ethanol 

Withdrawal 

Ethanol withdrawal seizures produce increased 
c-fos mRNA (Northern blot analysis) in mouse brain 
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(Dave et al., 1990); the greatest increases were seen 
in the hippocampus, with a 40-fold increase at the 
lime of the seizure (5-8 hr after ethanol withdrawal). 
Hippocampal c-fos mRNA was still elevated at 4 hr 
after the seizure and returned to baseline at 24 hr. In 
neocortex, levels increased 10-fold and were back to 
baseline within 2 hr after the seizure. Levels of fos 
mRNA were increased to a lesser extent in the 
cerebellum. These investigators found no increase of 
c-fos mRNA in mice that did not undergo seizures. 
Morgan et al. (1992) described increase in c-fos 
mRNA after cessation of ethanol exposure for 
7 days. The exposure to ethanol itself induced only a 
transient increase in fos mRNA at 2-4 hr. After 
cessation of ethanol exposure, whole-brain c-fos 
mRNA increased, peaking at around 8 hr. In situ 
hybridization showed that significant elevation in 
c-fos expression, at 8 hr post-ethanol, occurred in the 
piriform cortex and in the dentate gyrus of the 
hippocampus. At 6 and 8 hr post-ethanol (at the 
times most likely for seizures to occur), the authors 
reported no difference between the magnitude of c-fos 
mRNA production in animals that seized and those 
that did not seize. The NMDA antagonist MK-801 
(10 mg/kg) blocked peak expression of c-fos mRNA. 

Precipitation of opiate withdrawal seizures in rats 
led to from a two- to three-fold increase in c-fos 
mRNA levels in the locus ceruleus I -2 hr after 
initiation of withdrawal. Similarly, c-fos expression 
increased in the amygdala, ventral tegmentum, 
nucleus accumbens, neostriatum and cerebral cortex 
but not in the hippocampus, dorsal raphe (Hayward 
et <//., 1990). 



4.3.3. Fos and Kindling 

Kindling is a permanent change in the CNS by 
which a repeatedly administered but initially subcon- 
vulsive stimuli, either chemical or electrical, results in 
a generalized seizure (Goddard et al., 1969). 

Two of the most salient features of kindling which 
deserve special attention are (i)) the irreversibility of 
this phenomenon; and (ii) the anatomical specificity. 
Repetitive administration of subconvulsive electrical 
stimuli to the amygdala will lead to kindling after a 
relatively small number of stimulations (from six to 
15) (Goddard et al, 9 1969). If the same type of stimuli 
is administered to the striatum, the number of 
stimulations will be much higher (mean 74). 

Dragunow and Robertson, 1987a) showed that 
electrically induced seizure activity, of the sort which 
can lead to kindling, rapidly and transiently increases 
c-Fos protein-like immuno reactivity in the nuclei of 
granule cells of the dentate gyrus. In this study, the 
kindling electrodes were unilaterally implanted in the 
dorsal hippocampus. Maximal levels of c-Fos protein 
were achieved between 30 and 60 min following the 
electrical stimulation of hippocampal electrodes. The 
number of cells showing Fos activation was almost 
back to basal levels 24 hr later. Immunostaining also 
was increased in CA1, CA3 and CA4 of the 
hippocampus and in piriform cortex. Carba- 
mazepine, an antiepileptic drug, dramatically reduced 
the number of cells activated in dentate gyrus 
following the stimuli. 



Shin et al. (1990) confirmed these results. Using 
Northern blot analysis, they showed a great increase 
of c-fos mRNA in the hippocampus following a 
kindling stimuli in the angular bundle. 

Fully kindled animals which had been seizure-free 
for 1 week showed no apparent alteration in basal 
levels of Fos immunoreactivity compared with 
non-kindled animals (Dragunow et al:, 1988). 

Amygdala-kindled rats, perfused 4 hr after under- 
going a stage 5 seizure in the classification of Racine 
(1972), showed a massive bilateral induction of c-fos 
throughout the cerebral cortex, hippocampus, piri- 
form and entorhinal cortices (Dragunow et ai„ 
1988). Clark et al. (1991) extended these findings 
studying amygdala-kindled animals with in situ 
hybridization. Animals at stages I and 2 of kindling 
snowed c-fos expression in a unilateral cortical 
distribution, affecting temporal, perirhinal and 
parietal cortices and amygdala with no changes in 
the hippocampus. A second pattern at early stages of 
kindling consisted of no changes in cortical areas, 
but increased c-fos expression in the hippocampus 
and amygdala. The animals with increased c-fos 
expression in the hippocampus had after discharges 
that were longer in expression than those with 
cortical expression. In later stages of kindling, the 
induction of c-fos was bilateral involving hippocam- 
pal, cortical structures, and the amygdala in a 
pattern similar to that described by Dragunow et al. 
(1988). 

It seems likely that c-Fos protein levels in the 
dentate gyrus only increase after a kindled general- 
ized seizure if the rats have had secondary after 
discharges. Non-kindled rats that received electrical 
stimulation in the amygdala show Fos induction in 
the stimulated amygdala and in the ipsilateral 
piriform and entorhinal cortices (Dragunow et al., 
1988). Angular bundle stimulation-evoked after 
discharges would only elicit c-fos expression in the 
hippocampus if the duration of the AD was more 
than 30 sec (Shin et a/., 1990). Further studies have 
shown that similar induction in gene expression can 
be seen with other IEGS (Simonato et aL, 1991). 
After evoking AD of more than 30 sec duration in the 
hippocampus within the DG cells, NGFI-A increased 
most rapidly (5 min); c-fos upregulation was seen in 
30 min; and, c-jun overexpression took 30 min to 
become significant. In the CA1 area, a barely 
detectable increase in c-jun expression contrasted 
with increase in c-fos expression within 30 min of the 
AD. There was also a difference observed in the rate 
of decline in the expression of these genes, c-fos 
returned to baseline within 30 min but c-jun and 
NGFI-A were still up- regulated after 8 hr. 

However, increased c-fos immunoreactivity after 
kindling stimuli does not necessarily mean that its 
presence is mandatory for the establishment of 
kindling. We have shown (Herrera et al., 1988) that 
W7, a calmodulin antagonist that blocks the 
induction of c-fos in vitro after a depolarizing stimuli 
(Morgan and Curran, 1986), retards the development 
of kindling. Jonec and Wasterlain (1979) retarded the 
development of amygdala kindling using protein 
synthesis inhibitors, suggesting that newly syn- 
thesized protein is needed for the establishment of 
kindling. 
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4.3.4. Electroconvulsive Seizures and c-fos 

Expression. 

Electroconvulsive therapy is a mainstream treat- 
ment for specific psychiatric disorders, but the 
mechanism of its efficacy remains unclear. Several 
studies have examined the effect of electroconvulsive 
seizures (ECS) on the expression of c-fos (Winston 
et aL, 1990; DXTosta et aL, 1991; Shebab *7 a/., 1992; 
Hope et aL, 1994). 

Both ECS and PTZ induce FUR in the dentate 
gyrus of the hippocampus, caudal amygdala, parts of 
the cerebral cortex, the bed nucleus of the stria 
terminalis, thalamus, lateral parabrachial nucleus 
and the nucleus of the solitary tract. In other 
structures, such as the medial and rostral amygdala, 
the ventromedial hypothalamic nucleus, the 
peripeduncular area, the central grey, and parts of the 
pretectum and superior collicullus, FLIR was 
induced by ECS, but not by PTZ (Shebab et aL, 
1992). In another study, the responsiveness of c-fos 
and c-jun to an acute "test" seizure was examined 
after administration of one or more ECS (Winston 
et aL, 1990). Four hours after a single ECS, the 
induction of c-fos mRNA by a test seizure was 
blocked, in agreement with findings by Morgan et aL 
(1987). but by 18 hr, the levels of c-fos mRNA could 
be reinduced by the test seizure. However, chronic 
daily ECS treatments resulted in a time-dependent 
decrease in the expression of c-fos mRNA in response 
to a test seizure administered 18 hr after the last daily 
ECS, with a maximal effect at 8-10 days after starling 
daily treatment. Furthermore, the authors found that 
basal levels of c-Fos protein were reduced after 
chronic ECS. Compared with the findings by Morgan 
et al. (1987), which show that induction of c-fos is 
subject to a refractory period following a single 
PTZ-induced seizure, this suggests that the mechan- 
isms by which acute seizure and chronic ECS block 
the induction of c-fos may differ (Winston et aL % 
1990). 

Attenuation of the expression of the Fos protein in 
various brain regions after a single ECS occurs in 
ageing mice (D'Costa et aL, 1991). Examination of 
the expression of Fos protein in various brain regions 
after a single ECS in young, middle-aged and old 
mice showed a consistent increase in the number of 
Fos-immunostained neurons in the amygdala, hippo- 
campus and cerebral cortex in all age groups. Peak 
values were observed at 1 hr after a single ECS 
followed by a steady decline thereafter. However, 
when age-groups were compared, it was noted that 
CFLIR was induced differentially I hr after ECS. 
Middle-aged mice, when compared to young animals, 
showed 40-46% less CFLIR in the amygdala and 
cortical areas with no significant difference in the 
hippocampus. In old mice, there were 58-62% less 
c-fos positive cells I hr after ECS than in young mice 
in all brain regions studied, including the hippo- 
campus (D'Costa et aL, 1991). 



4.3.5. Induction of c-fos by other Convulsant 

Agents 

The effects of other convulsants on c-fos expression 
have been reported. Lindane or t hexachlorocyclo- 



hexane, at a convulsive dose, induced c-fos expression 
in piriform, entorhinal and cingulate cortices, in the 
dentate gyrus, the CAl region of the hippocampus, 
the amygdala and several thalamic nuclei. At a lower, 
sub-convulsive, dose, c-fos mRNA was mainly found 
in cerebral cortex (Vendrell et aL, 1992a. 1992b, 
1992c). The time course of c-fos induction was similar 
to that seen after PTZ administration. Nifedipine 
(Vendrell et aL, 1992a, 1992b), but not the NMDA 
antagonist MK-801, blocked the induction of c-fos, 
suggesting a role for L-type Ca :+ channels in the 
expression of c-fos during seizures. Further support 
for this role comes from the administration of Bay K, 
an L-type voltage-dependent Ca : 4 channel agonist, 
that induced c-fos after producing seizures. The 
pattern of c-fos induction was different from that seen 
with other convulsants. High levels of c-fos mRNA 
were detected in the caudate putamen, superior 
colliculi, medial geniculate nuclei, anterior pretectal 
nuclei, occipital and retrospenial cortices but not in 
the hippocampi. Administration of NMDA showed 
particular high levels of c-fos in cortical areas which 
were prevented by MK-801 (Vendrell et aL, 1992a, 
1992b). 

A similar pattern of fos induction was seen after 
generalized seizures produced by different stimuli; for 
example, kainic acid i.e. v. (Dragunow and Robert- 



son, !9o7a; Popovici ei aL, 1988), kindling (Dra- 
gunow and Robertson, 1987a; Popovici et aL, 1988), 
and cortical electrical stimulation followed by 
secondary generalization of seizure activity (Sagar 
et aL, 1988). White and Gall (1987) described a 
dramatic increase in the levels of c-fos mRNA (as 
measured with Northern blotting), after recurrent 
seizures induced by unilateral lesion of the dentate 
gyrus hilus. They measured c-fos mRNA contents in 
the hippocampus and entorhinal cortex contralateral 
to the lesion. However, one interesting aspect of their 
study was that they also measured the levels of 
mRNA for c-myc, c-H-ras, preproenkephalin, pre- 
procholecystokinin and preproneuropeptide Y. In- 
creases in c-fos but not of c-Hras or c-myc preceded 
the increase of preproenkephalin mRNA in entorhi- 
nal cortex and hippocampus. However, c-fos is not 
the only gene upregulated following a generalized 
seizure. Saffen et aL (1988) studied the in vivo 
expression of four different immediate early genes 
(IEGS) after seizures induced by the administration 
of the convulsants PTZ or picroloxin. The genes 
studied were c-fos, c-jun Jun-B and NGFl-A (r//268/ 
egr-\/Krox-24(TIS-&y Northern blot analysis as well 
as in situ hybridization showed that seizure led to an 
increase in the expression of these genes which was 
rapid (peak levels achieved within I hr) and transient 
(baseline levels seen 2 hr after convulsions). Because 
seizures were accompanied by increased neurotrans- 
mitter release (Lehmann and Hamberger, 1983; 
Lehmann et aL, 1983,1985, 1986), it was suggested 
that IEG expression could be modified in vivo by 
neurotransmitters. Sukhtame et aL (1988) described 
the rise of egr-I mRNA in mouse brain foUowuv% 
PTZ administration; the kinetics of egr-I induction 
were similar to those observed with c-fos. 

Recent studies showed that administration of the 
GABAa antagonist, bicuculline, induced IEG ex- 
pression in a similar pattern in neocortex and in 
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heterotopic cortical grafts after generalized seizures 
' (Bele et aL, 1994). 

4.4. Learning and Memory; 
Relation to c-fos Expression 

Synthesis of protein is needed in order to develop 
long-term changes such as kindling (Jonec and 
Wasterlain, 1979) in the CNS. As one of the earliest 
JEGs studied, the role of c-fos in learning and 
memory has been more thoroughly investigated than 
other lEGs. 

4.4.1. Fos and Long-Term Potentiation [LTP) 

Short-lasting tetanic electrical stimulations are able 
to enhance synaptic efficacy for hours or days; this 
effect is called LTP (Bliss and Lomo, 1973). 
Long-term potentiation is easy and reliably induced 
in the hippocampus both in vivo and in vitro by brief 
high frequency stimulation of mono- and polysynap- 
tic excitatory pathways. The onset takes place within 
minutes and lasts from hours to weeks in some 
animals. Therefore, LTP has been invoked as a model 
of learning and memory. 

The proto-oncogene c-fos y because of its rapid and 
transient inducibility and to the nuclear location of its 
product, was proposed as a key gene in the storage 
of information in the CNS. Thus, it was felt that 
elicitation of LTP might lead to c-fos induction. 
However, in anaesthetized animals where LTP was 
induced by electrically stimulating the perforant 
pathways, and even though good LTP was obtained, 
no c-fos induction could be observed in the dentate 
(Douglas et aL, 1988). Recently, it has been suggested 
that induction of c-fos can be observed in 
unanesthetized animals when stimulated at a narrow 
range of high frequency (Dragunow et aL, 1989a). 
Cole et ai. (1989) and Wisden et aL (1990) showed 
that Krox-24 (or NGFI-A), and not c-fos, is 
consistently up-regulated in LTP and blocked by the 
NMDA non-competitive antagonist MK-801. 

Other IEGS which seem to be consistently 
upregulated with LTP are c-fos related genes, c-jun, 
Jun-B and Jun-D. Thus, it seems that in this 
important model of memory, c-fos is not involved; 
however, there appears to be a role for other IEGS 
(see Abraham et aL, 1992 for review). 

4.4.2. C-fos and Learning 

Activation of c-fos does not appear to be necessary 
for LTP; however, there is some evidence that c-fos 
may have a role in learning processes. Experience^de- 
pendent stimulation of young chicks produces 
elevation of c-fos mRNA in cerebral cortex (Anokhin 
et aL, 1991). This induction of c-fos was not related 
to stress, arousal or sensory stimulation alone. 

Training rats to attain a foot-shock motivated 
brightness discrimination in a Y-maze results in an 
increase of c-fos mRNA in the hippocampus 
(Tischmeyer et aL, 1990); however, pseudotraining 
produced a similar response. Long-term training of 
two-way active avoidance reaction induces c-fos 
(Nikolaev et aL t 1992). 

These studies suggest a relationship between c-fos 



expression and learning. However, the role of c-fos in 
these processes remains unclear. This is an area where 
it is expected that studies using mice with a transgenic 
knockout of c-fos or studies using antisense 
oligodeoxynucleotides against c-fos might be ex- 
pected to yield results. 

4.5. Neuroendocrine Activation of c-fos 

This section will review the effects of osmotic 
stimulation, stress on the expression of c-fos, mainly 
in hypothalamic structures. A discussion of the 
expression of c-fos in relation to reproductive 
functions can be found in a review by Krukoff(I993). 

4.5.1. Osmotic Stimulation 

Sagar et aL (1988) showed that water deprivation 
for 24 hr led to increase in CFLIR in the supraoptic 
(SO) and paraventricular nuclei (PVN), and both the 
parvo (p) and magnocellularis (m). divisions, of the 
hypothalamus. Similarly, administering i.p. hyper- 
tonic solutions (HS) induced c-fos mRNA in PVNm, 
PVNp, SON and the lamina terminalis (LMT). This 
occurred within 30 min, peaked at 30-60 min, and 
disappeared after 180 min. Jmmunostaining specific 
for c-fos peaked 1-2 hr after hypertonic saline 
administration and faded within 4-8 hr, even with 
constant stimulation; in contrast, CFLIR persisted 
for 1-24 hr. 

Immobilization stress, HS injection or capsaicin 
treatment, resulted in c-fos IR in oxitocinergic 
neurons in the PVNp, ventrolateral medulla oblon- 
gata, nucleus of tractus solitarius and in the locus 
ceruleus, but handling or i.p. sham injections 
produced no change in IR. (Ceccatelli et aL, 1989). 

Injection of isotonic saline resulted in induction of 
c-fos mRNA in PVNp, anterior hypothalamus, 
suprachiasmatic nucleus, cingulate gyrus, piriform 
cortex, granule cells of the DG, hippocampal 
pyramidal neurons, ventral lateral septum and in 
paraventricular nuclei of the thalamus among other 
structures. This pattern of c-fos expression was 
considered to be due to the stress of handling and the 
injection itself. However, this pattern was not 
reported with immunostaining (Sharp et aL, 1991). 

Systemic administration of hypertonic solutions is 
followed by overexpression of c-fos in the PVN, 
SON, lamina terminalis, and median preoptic nucleus 
within 60-120 min after stimulation. The expression 
of c-fos returns to baseline within 4-8 hr. When 
efforts were made to identify which subpopulation of 
neurons were expressing c-fos in the hypothalamus, 
it was found that approximately 60% of oxytociner- 
gic neurons in the PVN and more than 90% in the 
SON were expressing fos after hyperosmotic stimu- 
lation. (Giovannelli et aL, 1990, 1992). Up-regulation 
of c-fos expression is not significantly altered upon 
destruction of the subfornical organ, which is thought 
to have some role in the response to osmotic 
stimulation (Giovannelli et aL, 1990, 1992). 

Several studies showed co-localization of c-fos and 
vasopressin after osmotic stimulation (Roberts et aL, 
1993; Shen et aL, 1992; Kjaer et aL, 1994; Ding et aL, 
1994). Ding et aL (1994) demonstrated that not every 
vasopressinergic neuron expressed c-fos and vice 



V 



18069302 



Activation of cfos in the Brain 



97 



versa. The c-fos immunostaining and c-fos mRNA 
(by in situ hybridization) was seen in magnocellular 
neurons in the SON, PVN, nucleus circularis and 
adjacent accessory groups, similar to that observed in 
previous studies. Vasopressin up-regulation (poten- 
tially a target gene for c-fos) occurred after osmotic 
stimulation and was reduced with cycloheximide, a 
protein synthesis inhibitor. This suggests that c-fos 
and co-regulated IEGS may play a role in the 
expression of vasopressin and other peptides in the 
hypothalamus (Roberts et at., 1993; Shen etat., 1992; 
Kjaer et at., 1994; Ding et at., J 994; Giovannelli 
et at., 1990, 1992; Koibuchi et at., 1991; Wan et at., 
1993; Rowe and Erskine, 1993; Meister et at., 1990). 

4.5.2. Stress 

Intracerebroventricular injection of colchicine, 
immobilization stress, HS injection and capsaicin 
treatment (but not handling or i.p. sham injections) 
resulted in CFLIR in parvocellular neurons in the 
PVNp; many of these cells were immunoreactive to 
corticotropin releasing factor. The CFLIR was also 
seen in the ventrolateral medulla oblongata, in the 
nucleus of tractus solitarius, and in the locus ceruleus. 
Many of these cells expressed catecholamine-synthe- 
sizing enzymes (Ceccalelli et at., 1989). In these 
studies, it was clear that different stressful stimuli can 
induce c-fos in different subpopulations of cells. For 
instance, only a few magnocellular neurons in the 
PVN were c-fos positive after colchicine adminis- 
tration or immobilization stress as opposed to the 
effect of HS administration. The expression of c-fos 
in the PVN after immobilization stress was confirmed 
by several groups (Imaki et at., 1992, 1993; Kononen 
et aL, 1992; Covenas et at., 1993; Chastrette et at,, 
1991; Harbuz et at., 1993). 

Levels of c-fos mRNA were analysed after 
presentation of mild footshocks to rats and produced 
increased c-fos expression in the amygdala (studies 
were done with Northern blots) (Campeau et al., 

1991) . Similarly, presentation of contextual cues 
associated with footshocks, resulted in c-fos up-regu- 
lation in the amygdala; thus, conditioned and 
unconditioned fear resulted in c-fos upregulation. 
Handling of the animals for the first time also was 
followed by c-fos up-regulation in the amygdala 
(Campeau et at., 1991). Removing rats from a cage 
and exposing them to a tone was sufficient to cause 
increases in c-fos mRNA (studied with in situ 
hybridization) in several forebrain areas (Smith et at., 

1992) . Acute footshock stress resulted in further 
increases in c-fos expression in the septum cingulate 
and endopiriform cortices and in the PVN (Smith 
et at., 1992). However, neither conditioned, nor 
unconditioned, stressors induced c-fos in the PVN in 
animals previously exposed to footshock, even 
though corticosterone levels were elevated. Another 
area affected by stressors was the locus ceruleus 
(Smith et at., 1992; Pezzone et al., 1992). Within the 
brainstem, not surprisingly, many of the cells 
expressing c-fos were catecholaminergic neurons 
(Pezzone et at., 1993). Furthermore, lesioning the LC 
led to a decrease in the number of fos-positive 
neurons in cortex after immobilization stress (Stone 
et at., 1993) suggesting a possible role for 



catecholamines in the activation of c-fos during 
stress. 

Many of the cells which showed c-fos activation in 
the PVN were capable of secreting corticotropin 
releasing factor (CRF) (Covenas et at., 1993; Imaki 
et at., 1992; Hoffman et at., 1991; Jacobson et at., 
1990; Veening et at., 1993; Kjaer et at., 1994; Harbuz 
et at,, 1993) or express glucocorticoid receptors 
(Kononen et at., 1992). The role of corticosteroids 
and CRF in the activation of c-fos during stress has 
been further emphasized in studies on the effect of 
CRF administration on I EG expression. Thus, i.c.v 
administration of CRF resulted in increased c-fos 
expression in the basal forebrain including ventrolat- 
eral septum, dorsal and medial parvicellular divisions 
of the PVN, central nucleus of the amygdala and 
dorsal bed nucleus of the stria terminalis (Arnold 
et at., 1992). This effect was prevented by i.c.v. 
pre-administration of a competitive CRF antagonist. 
A similar pattern of c-fos activation was seen with 
immobilization stress; however, there was no 
activation of c-fos in the amygdala. The CRF 
antagonist had no effect on the stress-induced c-fos in 
the PVN or in the ventrolateral septum, even though 
activation of c-fos in these areas correlated with the 
levels of endogenous corticosterone. 

The effects of stress on c-fos expression has been 
compared recently with those of endotoxin adminis- 
tration (Wan et at., 1994; Wan et at., 1993). 
Pharmacological characterization indicated that 
stress-induced c-fos expression in the PVN and SON 
was attenuated by the NMDA antagonist MK-801 
but not by indomethacin (a prostaglandin synthesis 
inhibitor). Administration of endotoxins resulted in a 
pattern of activation of c-fos similar, but not 
identical, to that induced by stress (Wan et at.. 1993, 
1994). Activation of c-fos was attenuated by the 
NMDA antagonist MK-801 and, in contrast with 
stress-induced, by indomethacin. 

Thus, it appears that stress-induced c-fos activation 
is the result of a complex neurochemical interaction 
involving at least catecholamines, glutamate and 
CRF. 

4.6. Orcadian Activation of c-fos 

The suprachiasmatic nucleus (SCN) in the hypo- 
thalamus receives information from the retina either 
directly or indirectly; Cycles of light/dark (L/D) 
synchronize circadian rhythms by altering neuronal 
activity in the SCN of the hypothalamus, providing 
a circadian pacemaker (Rusak etai., 1992). Exposure 
to light during the dark phase of the L/D cycle, but 
not during the L phase, resulted in upregulation of 
c-fos in the SCN in rats and in hamsters (Schwartz 
et at., 1994; Rusak et at., 1992; Rea et at., 1993; Abe 
and Rusak. 1992; Rea, 1992; Earnest et at., 1 990 
Earnest et at., 1992, 1993). The expression of c-fos 
was accompanied by increased expression in other 
IEGS such as NGF-1A. The SCN receives visual 
inputs directly through a retino-hypothalamic Kxzsx, 
and indirectly through a polysynaptic retino-genicu- 
late-hypothalamic pathway. The latter involves the 
intergeniculate leaflet (IGL) and adjacent parts of the 
ventral lateral geniculate nucleus (vLGN). Cells of 
these regions showed no FLIR in animals' killed 
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during the D phase; however, after exposure to light 
during D phase, some animals (5/10 hamsters and 2/2 
rats) did show intense FLIR in the ILG and external 
portion of the vLGN. The dorsal area of the LGN 
which also receives afferents from the retina did not 
show FLIR (Rusak et ai, 1992). 

The minimum level of illumination required to 
induce c-fos was the same as that needed to produce 
a phase shift in the hamster's circadian rhythm of 
activity (Kornhauser et al., 1990). Furthermore, the 
photic stimulation of c-fos was unaffected in mice 
with a mutation which causes profound loss of 
photoreceptors but failed to affect circadian re- 
sponses to light (Colwell and Foster, 1992; Colwell 
et aL, 1993). This, together with the fact that 
light-induced c-fos occurred only within the D phase, 
when photic phase shifting of activity occurs, 
suggested that c-fos could be a molecular-component 
of the photic pathway for entrainment of circadian 
activity (Kornhauser et til., 1990; Rusak et aL, 1992). 

In addition to light, there are other stimuli which 
can phase-shift circadian rhythms. These include 
saline injections, exercise in a novel environment and 
benzodiazepines. When phase shift occurred during 
the L phase, no c-fos upregulation was seen in the 
SCN (Colwell et aL, 1993; Janik and Mrosovsky, 
1992; Kilduff et aL, 1992; Mead et aL, 1992), but did 
occur in the IGL. 

Light-mediated induction of c-fos is a circadian 
time specific response in the SCN but not in the IGL 
(Park et aL, 1993). 

The neurotransmitters involved in the activation of 
c-fos after photic stimulation have not been 
elucidated completely. However, it has been reported 
that the NMDA antagonist MK-801 can attenuate 
the up-regulation of c-fos in the rostral SCN and 
ventrolateral portions of the caudal SCN, but not in 
a discrete area of the dorsolateral SCN (Abe et aL, 
1991, 1992). A role for acetylcholine has been 
suggested in a recent study that showed that 
mecamylamine, a cholinergic antagonist, blocked 
light-induced FLIR in areas of the SCN of the 
hamster (Zhang et aL, 1993). Administration of 
cocaine to pregnant rats induced c-fos expression in 
the foetal, but not in the maternal, SCN. The effect 
was blocked partially by a Dl -dopamine receptor 
antagonist suggesting a mechanism through which 
maternally administered psychotropic drugs could 
affect the development of the circadian system 
(Weaver et aL, 1992). 

It remains unclear why the activation of c-fos in the 
SCN occurs only upon photic stimulation during the 
D phase but not during the L phase even though 
retinal illumination during either phase results in a 
similar increase in firing in neurons of the SCN. 
Furthermore, dark-adapted retinas which show no 
FLIR, when exposed to light, display FLIR 
predominantly in the inner nuclear layer and to a 
lesser extent in the ganglion cell layer of the retina 
(Sagar and Sharp, 1990). Thus, it is likely that a 
permissive factor(s) (or inhibitor) must be present (or 
absent) during the D phase allowing photic 
stimulation to result in c-fos expression in the SCN. 

Diurnal variations in the expression of c-fos also 
occur in other areas of the brain. The pineal gland 
(Carter, 1993), hippocampus and caudate-putamen 



appear to express more FLIR after the onset of 
darkness (Kononen et aL, 1990). The results reported 
in the hippocampus and caudate-putamen could 
represent FRA rather than c-fos, since basal levels of 
c-fos itself in these: areas are almost non existent. 
Circadian effects on basal and stressed induced 
CFLIR were examined in the paraventricular nucleus 
of the hypothalamus, the habenula and the posterior 
paraventricular nucleus of the thalamus (Chastrette 
et aL, 1991). Stress induced the increase in CFLIR in 
all three nuclei, independent of time but CFLIR in 
non-stressed animals was lower in the habenula 
during night-time. 

4.7. Pharmacological Activation 

This section will discuss the role of different 
neurotransmitter systems in the activation of c-fos, 
specifically the role of calecholaminergic systems. The 
participation of glutamatergic systems are also 
considered, but further discussion on this topic can be 
found in Sections 4.2.1-4.2.3. 

4.7.1. Amphetamines, Cocaine, Dopamine Agonists 

and Antagonists 

Unilateral lesion of dopaminergic neurons in the 
ventral mesencephalon with 6-OHDA results in a 
model of unilateral Parkinsonism. When lesioned 
animals are challenged with the dopamine precursor 
L-DOPA they turn towards the unlesioned side. This 
pattern of rotation can also be elicited by 
dopaminergic agonists and it is likely due to 
post-synaptic supersensitivity after lesioning the 
ipsilateral dopaminergic input to the striatum. Those 
animals in which l-DOPA induced a strong 
rotational behaviour expressed high levels of c-fos in 
the ipsilateral striatum, nucleus accumbens, and areas 
of neocortex; no increase in FLIR was seen in areas 
contralateral to the lesion. This suggests that the 
response was secondary to dopaminergic post-synap- 
tic supersensitivity (Robertson et a!., 1989a). A 
similar pattern of c-fos activation and rotational 
behaviour was elicited by Dl-selective agonists 
(Robertson et al., 1989b). Amphetamine, which 
induces the release of endogenous dopamine, elicits 
ipsilateral rotational behaviour by acting through the 
undamaged striatum. Similarly, c-fos activation after 
administration of amphetamine would occur in the 
striatum contralateral to a 6-OHDA lesion of the SN 
(Robertson et ai., 1989b). However, rotational 
behaviour and c-fos expression could be dissociated. 

Lesioning of the SN with 60HDA had no 
long- term effect on c-fos expression; however, there 
was a large widespread and long-lasting increase in 
FRAs expression in the striatum ipsilateral to the side 
of the lesion (Dragunow et ai., 1991b). 

Administration of a selective D2 dopamine agonist 
(LY 171555) in SN-lesioned animals resulted in 
contraversive rotation but no c-fos activation was 
seen (Robertson et al., 1989b). Furthermore, 
administration of a Dl agonist induced c-fos in the 
ipsilateral striatum, even if the animals were under 
anaesthesia and rotational behaviour was prevented. 
Direct injection of a Dl agonist into SN induced 
rotational behaviour but not activation of c-fos 
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(Robertson et aL, 1989b). Cocaine and amphetamine 
(after a single systemic dose) both induced c-fos injhe 
caudate-putamen (Graybiel et al., 1990; Young et al., 
1991), but in a different pattern (Graybiel et al., 
1990). The effects of both drugs were blocked, to a 
great extent, by selective Dl antagonists but not by 
D2 antagonists, which by themselves can induce c-fos 
(see below). The pattern of c-fos activation induced 
by amphetamine was most pronounced in the 
striosomal compartment of the striatum. Cocaine-in- 
duced c-fos activation was seen in both the striosomal 
and matrix compartments (Graybiel et al., 1990). 

As mentioned above, unilateral lesion of the SN or 
its efferents to the striatum results in a model of 
unilateral Parkinson's disease, in which the rats 
become supersensitive to dopaminergic agonists. The 
Dl. but not D2, agonists in such treated animals will 
induce c-fos. After SN lesioning, a D_L agonist, 
produced c-fos activation in striatal neurons (retro- 
gradely labelled) projecting to the SNr. These 
findings suggest that Dl agonists activate c-fos in the 
medium-sized neurons which project to the SNr 
(Robertson et al., 1992). 

Interestingly, Dl agonists induce c-fos in SN-le- 
sioned animals but not in naive rats. Though D2 
agonists seem to have no effect on c-fos expression, 
the combination of Dl and D2 agonists (on lesioned 
animals) had synergistic effect on the induction of not 
only c-fos but also in the IEG c-jun, jun-B, and 
NGF-IA. The administration of a low dose Dl 
agonist (SKF-38393) only results in a diffuse, low 
level, expression of c-fos. Administration of a low 
dose of a D2 agonist (quinpirole) results in little 
contraversive rotation and no c-fos induction in the 
caudate-putamen but produces some c-fos induction 
in the globus pallidus (Robertson et al., 1992; Paul 
et aL, 1992). The combination of Dl and D2 agonists 
at low doses resulted in a synergistic effect in 
rotational behaviour, as previously described 
(Robertson and Robertson, 1986, 1989) and in a 
compartmentalized pattern of c-fos activation in the 
striatum (Paul et aL. 1992). The FLIR was 
concentrated in striosomes and dorsolateral caudate- 
putamen; Northern blot analysis showed c-fos 
mRNA expression only after combination of 
dopaminergic agonists. The FLIR was blocked with 
pre-administration of Dl- and D2-selective antagon- 
ists. Interestingly, c-fos expression was also reduced 
if prior to the combination of Dl and D2 agonists the 
animals received MK-801, a NMDA receptor 
antagonist (Paul et al., 1992). 

Administration of D2 antagonists such as haloperi- 
dol, which is also a sigma receptor antagonist, 
induced c-Fos protein and FRA in striatal neurons 
(Dragunow et al., !990d; Miller, 1990). This effect 
was inhibited by the NMDA receptor antagonist 
MK-801 (Dragunow et aL, 1990b). It was hypoth- 
esized that activation of c-fos was secondary to 
blockade of inhibitory presynaptic dopaminergic 
receptors in the glutamatergic corticostriatal path- 
way, thus inducing the release of glutamate which in 
turn would activate c-fos through an NMDA 
receptor mediated mechanism. More evidence for this 
potential mechanism came from a study which 
showed that electrical stimulation of a broad area of 
fronto-parietal cortex induced c-fos in the striatum 
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(Aronin et aL, 1991; Fu and Beckstead, 1992). 
Lesioning of the SN had no effect on the induction 
of c-fos in the striatum. Another study investigating 
the effect of haloperidol on the expression of c-fos 
mRNA showed that the induction of c-fos in the 
striatum was dose dependent. Furthermore, a D2 
agonist completely reversed the c-fos induction 
(Miller, 1990). 

Recent studies demonstrated that administration 
of an antisense oligonucleotide (AON) to c-fos 
mRNA blocks the in vivo expression of c-fos IR 
(Chiasson et al., 1992; Dragunow et at., 1993; 
Sommer et al., 1993; Hooper et aL, 1994; Liu et aL, 
1994). Furthermore, Sommer et al. (1993) and 
Dragunow et al. (1993) demonstrated that infusion of 
AON to c-fos mRNA into the striatum induced 
ipsilateral rotational behaviour after D-amphetamine 
and apomorphine administration. This effect was not 
produced by sense ON or unrelated ON, indicating a 
role for c-fos in control of behavioural activity. 

4.7.2. Activation of c-fos Mediated by Adrenergic 

Receptors 

The role of adrenergic receptors in the activation 
of c-fos was investigated with specific adrenergic 
agonists and antagonists (Gubits et aL, 1989; Bing 
et aL, 1991, 1992; Stone et al., 1991, 1992). 
Administration of yohimbine, an a2 adrenoceptor 
antagonist produces an increase in total c-fos mRNA 
in the brain and CFLIR, an effect that is partially 
inhibited, independently, by the p adrenoreceptor 
antagonist propranolol, by the a2 agonist clonidine 
and the al antagonist prazosin (Gubits et al., 1989; 
Bing et al., 1992). Increase in CFLIR following the 
administration of yohimbine was observed in the 
locus ceruleus, the central nucleus of the amygdala, 
the bed nucleus of the stria terminalis, the nucleus of 
the tractus solitarius, ventrolateral medulla oblon- 
gata, and the paraventricular nucleus (Tsujino et al., 
1992). Clonidine induced CFLIR in the oxytocinergic 
neurons in the paraventricular and supraoptic nuclei 
in the hypothalamus (Tsujino et al., 1992). Thus, it 
appears that ad re no receptors, especially a2, are 
involved in the regulation of c-fos expression in 
neurons related mainly with autonomic functions. 

4.7.3. Other Pharmacological Agents 

Administration of morphine induced c-fos mRNA 
and CFLIR in the caudate-putamen (Chang et aL, 
1988), an effect that was inhibited by the m-type 
opiate receptor antagonist naloxone. Maximum of 
c-fos mRNA levels were achieved within 45 min after 
the injection of morphine and was back to basal levels 
after 90 min. 

Cholinergic agonists can be divided into nicotinic 
and muscarinic and their role in the regulation of 
c-fos is well documented (Pang et al., 1993; Bernard 
et aL, 1993; Gudehithlu et al., 1993). Acute injections 
of nicotine induces CFLJR in neurons in the medial 
terminal nucleus of the accessory optic system, the 
superior colliculus, the interpeduncular nucleus and 
in the caudal linear subnucleus of the ventral 
tegmental area, mostly in non-dopaminergic neurons 
(Pang et al., 1993). Administration of the muscarinic 
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agonist pilocarpine induced c-fos expression in the 
cortex, an effect that was potentiated by lithium and 
inhibited by the ml muscarinic antagonist piren- 
zepine (Weiner et at.* 1991). 

A role for serotonin in the activation of c-fos has 
been reported (Richard et a!., 1992; Bhat and 
Baraban, 1993; Pretel and Piekut, 1991; Leslie et a/., 
1993a, 1993b). The serotoninergic agonist 
fenfluramine produced an increase in CFLIR in the 
caudate-putamen, the paraventricular nucleus of the 
hypothalamus and in the central amygdaloid nucleus 
(Richard et a/„ 1992). 

The levels of c-fos mRNA were increased in the 
caudate putamen after administration of caffeine, an 
effect that was blocked by the A2 adrenosinergic 
antagonist NECA (Nakajima et al. % 1988, 1989). 

In summary, multiple neurotransmitters systems 
are involved in the regulation of c-fos expression, in 
the brain. 

4.8. Somatosensory and Nociceptive Stimulation of 

c-fos Expression 

Noxious stimulation can induce c-fos activation in 
the dorsal horn of the spinal cord (Hunt et al. y 1987). 
Cutaneous application of noxious substance to the 
hind limb induced FLIR in neurons, mostly located 
in layers I and II, but also in layers V, VI, VII and 
X. Following non-noxious brushing and manipu- 
lation in the hind limb labelled nuclei were seen in 
layers II -IV and rarely in layer I. No c-fos was seen 
in the dorsal root ganglion, nucleus gracilis or ventral 
horn following noxious chemical or radiant heat 
stimulation (Hunt et a/., 1987). Most of the labelled 
neurons, after noxious somatic stimulation, were 
found in lamina I, the outer part of laminae II, V and 
VI and to a lesser extent in laminae VII, VIII and X. 
All of the labelled neurons were located ipsilateral to 
the injured hindpaw (Menetrey et a/., 1989) except for 
bilateral labelling in lamina VI I L The rostrocaudal 
spread in CFLIR was more extensive in deeper 
laminae (Menetrey et al y 1989). Similar results were 
reported by several groups (Draisci and ladarola, 
1989). Rostrocaudal spread of CFLIR was more 
circumscribed to fewer segments of the SC if the 
stimuli was injection of formalin to a paw rather than 
saline (Abbadie et al. % 1994; Abbadie and Besson, 
1992; Gogas etal., 1993). The pattern of CFLIR after 
visceral stimulation was bilateral, with a much more 
rostrocaudal spread particularly in the superficial 
dorsal horn (Menetrey et at., 1989). Furthermore, 
after noxious stimulation, retrograde labelling 
demonstrated projection neurons (to brainstem and 
thalamus) of lamina I, lateral neck of the dorsal horn 
and laminae VIII and X with FLI. Most CFLIR was 
found in neurons within the medial two-thirds of the 
superficial laminae (Bullitt et a/., 1992; Noguchi 
et a/., 1992). Stronger stimulation produced increased 
expression of FLIR in neurons located at deeper 
layers (Bullitt et al. y 1992). 

Further studies have shown a differential pattern of 
c-fos expression in the spinal cord in mechanically 
versus chemically induced visceral nociception (De 
Leo et at., 1991). Intraperitoneal injection of acetic 
acid induced FLIR bilaterally in laminae I and X 
predominantly in the thoracolumbar area; in 



contrast, distention of the duodenum with a balloon 
led to a greater number, and more intense labelling 
in laminae I-VI, IX and X. These findings support 
the idea that these two types of nociceptive 
information are processed differently (De Leo et at., 

1991) . 

A stimulus-induced sensitization appears to occur 
after presentation of a noxious stimulus (Leah et aL 

1992) . Thus, a larger number of neurons show FLIR 
after a noxious stimulus if it was preceded by a 
similar stimulus within 1-2 hr (Leah et at.. 1992). 

Chemical noxious stimulation to the nasal mucosa 
resulted in FLIR in the brainstem; specifically in 
laminae I and II of the subnucleus caudalis; in the 
nucleus interpolaris of the trigeminal brainstem 
nuclear complex; and, in the medullary lateral 
reticular nucleus (Anton et at., 1991). 

Though noxious stimuli can induce FLIR in the 
spinal cord, sensory, non-nociceptive, stimulation, as 
initially shown by Hunt et a!. (1987), was enough to 
induce CFLIR. Tactile stimuli can induce several 
transcription factors in the somatosensory cortex 
(Mack and Mack, 1992). Tactile stimuli delivered 
with a paint brush stroking a rat's whiskers 
unilaterally for a 15 min period and Krox-24 
(NGF-IA), NGF-IB and CFLIR were compared in 
the cortices ipsilateral and contralateral to the 
stimulation. The induction of IR was predominant in 
layer IV of somatosensory cortex contralateral to the 
stimulus (Mack and Mack, 1992). 

Double immunolabelling studies have shown that 
most neurons in superficial laminae of the dorsal 
horn expressing FLIR after noxious stimulation 
received encephalinergic, serotoninergic and sub- 
stance P inputs (Pretel and Piekut. 1991). In addition, 
recent studies have focused on the role of nitric oxide 
(NO) on c-fos expression after noxious stimulation. 
Lee et at. (1992), showed that intrathecal adminis- 
tration of a NO synthetase (NOS) inhibitor 
significantly reduced the number of cells with FLIR 
in the dorsal horn after noxious stimulation of the 
hind paw. Furthermore, there was co-expression of 
FLIR and NOS IR in some spinothalamic neurons 
after noxious stimulation (Lee et at.. 1993). 



5. ACTIVATION OF c-fos DURING 
DEVELOPMENT 

This section discusses the expression of c-fos 
during brain development both under basal con- 
ditions and after specific stimuli. 

5.1. Basal Levels 

Gubits et at. (1988) studied the levels of c-fos 
expression in the brain at different stages of 
development. They showed that higher levels of c-fos 
mRNA occurred in the rat brain between birth and 
postnatal day 16 (PI 6). The highest levels of c-fos 
mRNA were seen in meninges at embryonic day 18 
(El 8) and cerebral cortex and cerebellum at P30. At 
this stage (P30), only low levels of c-fos mRNA were 
detected in the hippocampus and in striatum. The 
levels of c-fos mRNA in the whole brain attained at 
P30 were maintained up to 1 .5 years of age in male 
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rats. A transient decrease in these levels was seen at 
P50, raising the question of whether this decrease is 
related to the onset of puberty in males. It was 
suggested that the expression of c-fos could be related 
to synaptogenesis and differentiation rather than to 
mitosis. An in situ hybridization study by Caubert 
(1989) investigated the expression of c-fos mRNA in 
the developing brain. Around embryonic day 12 
(El 2), high levels of c-fos were seen throughout the 
CNS. At later stages, the expression of c-fos was 
confined to limited areas of the cerebellum, spinal 
cord, forebrain and retina (Caubert, 1989). 

A fos-lacZ transgenic mouse had been recently 
used to study the developmental expression of the 
transgene (Smeyne et at., 1993a). Expression of the 
transgene that was observed at PO in olfactory bulb, 
hippocampus, retrosplenial cortex and thalamic 
nuclei, decreased to adult levels by 3 weeks. This, 
again, suggests that c-fos may play a role in the CNS 
during development (Smeyne et at., 1992a). Northern 
blot analysis has shown low levels of c-fos mRNA 
which increases within PI5-P30 (Gubits et at., 1988; 
McCormack et at., 1992). 

5.2. Seizures 

Developmental differences in expression of c-fos in 
the brain have also been observed after seizure 
induction (Schreiber et a/., 1992; Jensen et at., 1993). 
The PTZ administration in rats resulted in increase in 
c-fos immunoreactivity in superficial layers of 
retrosplenial, cingulate and neocortex in adults but 
only deep layers in P10 rats were affected (Jensen 
etaL, 1993). Similarly, KA administration resulted in 
increase in c-fos expression in limbic structures in 
adult animals but not in pups prior to PI 3 (Schreiber 
et at., 1992). 

The effects of PTZ, fluorothyl and hypoxia were 
studied in immature rats (postnatal day 10) and 
compared with that in adult rats. The CFLIR after 
PTZ or fluorothyl-induced seizure was elevated in 
amygdala, piriform cortex and hypothalamus at both 
ages; superficial layers of retrospenial, cingulate and 
neocortex were stained in adults but staining was 
confined to deep layers of neocortex in P10 rats. 
Intense staining at 2 hr after seizure onset was 
reduced at 4 hr in adults but IR was not seen until 
4-6 hr after seizure in P10 rats. The CFLIR within 
the dentate gyrus and hippocampus occurred only 
after prolonged seizures. Hypoxia, which produced 
seizures in P10 rats, induced CFLIR in the layer VI 
of neocortex but rarely involved limbic structures 
(Jensen et at., 1993). 

5.3. Brain Injury 

Differential regulation of c-fos expression during 
development after brain injury has been reported 
(Herrera et at., 1993a). Rats that were inflicted with 
a mechanical cortical injury at post-natal day (PD) 10 
or 15, and sacrificed 1.5 hr after, did not show an 
increase in c-fos immunoreactivity far from the 
wound, but some of these animals did show c-fos 
immunoreactive (IR) nuclei close to the lesion (PD 
15). At PD 22, cortical injury produced an increase 
in c-fos IR nuclei in the piriform cortex ipsilateral but 
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not contralateral to the lesion. This pattern was 
maintained up to PD 360 (Herrera et at., 1993a). 
Similarly, the presence of c-fos IR cells was observed 
in the ipsilateral cingulate cortex from PD 22 onward. 

Ruppert and Wille (1987) showed that disruption 
of the cerebellum at P3 and up to P7 was followed by 
a massive increase in c-fos mRNA. This effect was 
not seen in the adult animal with similar injury. This 
findings show a clear differential regulation of c-fos 
during development and may help to explain, at least 
partially, the different clinical outcomes seen in 
children and in adults after head trauma. 



6. CONCLUSIONS 

Activation of c-fos in the brain can be induced by 
- a diverse group of stimuli. The inducibility of c-fos 
has been used as a tool to study neuronal activation 
in different systems in the brain and now c-fos can be 
regarded as one of several IEGS that may link 
external cellular signals with phenotypic changes in 
brain cells. Different sets of IEGS may be activated 
by different stimuli and, in turn, these IEGS may 
induce or inhibit the transcription of late or target 
genes which may, in turn, produce long-term 
changes. The exact role of c-fos in the brain is not 
clear yet; however, there is direct evidence of a role 
for Fos in the control of behavioural activity 
(Sommer et at., 1993). Even if the exact role of c-fos 
in the brain has not yet been elucidated, its detection 
has led to a further understanding of different systems 
in the CNS and allows the mapping of neuronal 
populations activated by a variety of external stimuli. 
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Introduction 

The c-fos gene encodes a basic region-leucine zipper transcrip- 
tion factor that requires teterodimerization with a member of 
the Jun family for stable DNA binding. Fos/Jun heterodimers 
are present in the AP-1 transcription factor complex and 
both c-Fbs and c-Jun are capable of transforming cells ( I ) 
Continuous expression of c-fos can lead to aberrant different! 
ation (2) but may also sometimes block differentiation (3) 
Furthermore, antisense c-fos RNA or microinjected Fbs- 
specific antibodies are able to inhibit cell growth (4-$) The 
study of the regulation of the c-fos gene may therefore 
provide important clues as to how cellular differentiation and 
proliferation are controlled. 

The c-fos proto-oncogene is a member of the class of cellular 
immediate early genes which are rapidly and transiently 
induced upon stimulation of quiescent cells with growth factors 
or serum (7-9). In addition to these mitogens, many non 
mitogenic signals such as UV-light (10) can also induce 
c-fos in a similar fashion. This transcriptional induction is 
independent of de novo synthesized proteins and inhibition of 
protein synthesis leads to an even stronger and prolonged 
induction of c-fos (11), indicating that components already 
exist for signal transduction cascades which target the c-fos 
promoter. Three proximal elements within the c-fos promoter 
have been identified as major targets for stimulating signals 
(Figure I): the sis inducible element (SIE*) (12.13) the serum 
response element (SRE) (14,15) and the cAMP rcsoonse 
element (CRE) (15). In the following, the pathways and 
mechanisms of signaling to these three promoter elements and 
their binding proteins will be discussed. 

The sis inducible element (SIE) 

The SIE has been shown to confer c-fos induction by condi- 
tioned medium from \-sis transformed cells. The platelet 
derived growth factor (PDGF) B<hain gene is the cellule 
homolog of v-515, and consistently the SIE is also resDoncivP 
to PDGF (12,13). In addition, the SIE is involved in the 
stimulation of the c-fos gene by epidermal growth factor (EGF) 

♦Abbreviations: CaMK. Ca : Vcalmodulin-depenUem protein kina<* crp 
CREB binding protein; CRE. cAMP response element; CREB Wi2n. 
protein; EGF. epidermal growth factor, GAS. IFN-paetivated site- IFN n nr 
-y. interferon-a or - r ISGF3. IFN-a-stimulated gene factor 3; ISRe! interferon 
sumulation response element; Jak, Janus kinase; JNK, Jun kinase- map* 
milogen-activated protein kinase; MEK, MAPK kinase; MEKK MEK fcin^ 
NGF, nerve growth factor PDGF, platelet-derived growth facW PK A nm£?« 
kinase A; PKC protein kinase C; SAPK, stress^ctivated woteinldm^H? 
or SH3, Src homology region 2 or 3: SIE, sh inducibleTe m en^ " ?l F ^ 
inducible factor; SRE serum response element; SRF, serum response farior 
Stat, signal transducer and activator of transcription; TCF lenwn /Jlr 
factor: TPA. IJ-^tetradecanoylphorbol KVacetaVe. ° ™ mple% 
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ISRE ISRE GAS GAS 

Fig. 2. Transcriptional regulation by Slais. (A) The classical interferon respoi 

Stilt I by recruiting these factors into the ISGF3 complex, is 
only formed upon IFN-a, but not upon IFN-y stimulation, 
(thereby dieting the specificity of the interferon response (26). 
Tyrosine phpsphoryiation of Stats is proposed to be exerted 
by Jaks (Janus kinase or just "another kinase'), which are 
characterized by the presence of two kinase-like domains, the 
more (^terminal of which possesses tyrosine kinase activity 
■(28). While binding of IFN-a to its cognate receptor activates 
the tyrosine kinases Jakl and Tyk2 but not Jak2, IFN-y leads 
tto the activation of Jakl and Jak2 but not of Tyk2 (Figure 
2A). However, it is presently unknown which of these kinases 
phosphorySates the different Stat proteins or whether other 
kinases are involved in vivo. 

Figure 2B outlines how the Stat I a and Stat3 proteins are 
activated and mediate SIE-dependent transcriptional upregul- 
ation. Binding of EGF to its cognate receptor leads to dimeriz- 
ation and tyrosine phosphorylation of the EGF receptor. One 
report suggests that Stat I a interacts via its SH2 domain with 
(the tyrosine-phosphorylated EGF receptor and thereby itself 
becomes phosphorylated by the kinase domain of the receptor 
(17). However, it is also possible that Stat I a and Stat3 are 
phosphoryDated by an unidentified tyrosine kinase which itself 
interacts with the activated EGF receptor. Activation of the 
SHE by interleukin-2 must involve such an intracellular tyrosine 
kinase because the interleukin-2 receptor lacks intrinsic kinase 
activity. One candidate is p56' 4 *, which has been shown to 
physically interact with a domain of the interlcukin-2 receptor 
0 chain (18.29). Another candidate is Jakl (30) and a third is 
Jak3, which requires a different domain of the interleukin-2 
receptor P chain in order to become activated (31). Finally, 
induction of the SIE does not always involve both the Stat3 
homodimer and Statto/Stat3 heterodimer as observed upon 
EGF stimulation. For instance, interleukin-6 stimulation only 
results in the formation of Stat3 homodimcrs, possibly because 
Stat I a does not become phosphorylated (19). 



-345 - 345 -MS 

ses. <B) SI F- mediated induct ton of the c-/r*.v SIE. 

The serums response elemeirail (SIRE) 
The SRE was originally demonstrated to mediate serum 
induction of the c-fos promoter (14). Serum can be regarded 
as a complex mixture of different growth factors and other 
mitogens, and individual growth factors such as PDGF (20) 
and EGF (21) can similarly induce c-fos. Cytokines like 
interleukin-2 (22) as well as the phorbol ester TPA (12-0- 
tetradecanoylphorbol 13-acctate) (10.20.21). UV-lighl (10). 
oxidants (32) and antioxidants (33) also activate the SRE. 

The mechanism of growth factor-stimulated c-fos expression 
typically starts with the dimerization of growth factor receptor 
subunils upon ligand binding and their subsequent autophos- 
phorylation on intracellular tyrosine residues (34), SH2 
containing molecules can then interact with such phosphotyro- 
syl peptides and may themselves recruit other molecules to 
the activated growth factor receptor. The adapter molecule 
Grb2 not only contains an SH2 domain, but has in addition 
an SH3 (Src homology region 3) domain by which it interacts 
with a proline-rich domain of Sos (Figure 3). This protein 
is a guanine nucleotide exchange factor and catalyzes the 
transformation of the inactive GDP-Ras to the active GTP- 
Ras (35,36). which then recruits Raf-I to the plasma membrane 
leading somehow to its activation (37.38). Apparently. Raf-1 
can be activated in the absence of GTP-Ras provided that Raf- 
I is localized to the plasma membrane (39.40). indicating that 
an unknown plasma membrane associated factor activates Raf- 
I. This factor may be the £ isofonn of protein kinase C 
(PKC) (41). which could cause activation of Rat- 1 by direct 
phosphorylation. Furthermore, members of the 14-3-3 protein 
family may associate with Raf-I and could thereby be involved 
in the activation of Raf-I (42.43). 

Phosphorylation of Raf-I by PKC isnforms has been shown 
for PKCot, P and y (44,45). all of which belong to the 
diacylglycerol-dependent PKC subclass in contrast to the £ 
isoform (46,47). This explains the induction of c-fos, by the 
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Hg. 3. Signal transduction via the c/o.v SRI:. While phosphor)' latum of 
TCFs results in enhanced c-/o.v transcription, phosphorylation of SRF has so 
far not been shown to be involved in c-fos regulation. 

diacyiglycerol analog TPA: after permeation of the plasma 
membrane, TPA interacts with and thereby activates diacylgly- 
eerol-dependent PKC isoforms. one or more of which may 
then initiate Raf- 1 -dependent signal transduction pathways 
(Figure 3). 

Activated Raf- 1 triggers a signal transduction cascade target- 
ing the c-/*« SRE (48,49) and is at the top of the milogen- 
activaled protein kinase (MAPK) pathway (Figure 3) (50- 
52). RaM phosphorylates MEKs (MAPK kinases) which 
themselves are dual-specificity kinases phosphorylating both 
a threonine and a tyrosine in MAPKs (53). Several different 
MAPKs exist (54) and this complexity may even be enhanced 
by the family of the related Jun kinases (JNKs). also called 
stress-activated protein kinases (SAPKs) (55.56). Similarly, at 
least two functional MEKs have been identified in humans 
(57), and Raf- 1 may be replaced by A-Raf or B-Raf (38.58). 

In addition to Raf. MEK kinase (MEKK) and Mos can 
trigger the MAPK pathway (Figure 3) (59,60). While it is 
presently unclear how Mos itself is activated. MEKK is 
stimulated by growth factors in a Ras-depedenl manner (61) 
and possibly also by G proteins (59). which are coupled to 
serpentine receptors (62). Additionally, some G proteins activ- 
ate the MAPK pathway via Ras (63-65). Furthermore. MAPK 
has been shown to be phosphorylaied and activated by p56' a 
in vitm (66). Since p56'** physically interacts with the inlerleu- 
kin-2 receptor P chain, it may be activated upon binding of 
interleukin-2 to its cognate receptor (18.29) and then directly 
stimulate MAPKs. Finally, oxidants, antioxidants or UV-light 
lead to the activation of MAPKs (67,68, j;Maller: M.A.C.. 
P.Baeuerie and A.N.7iiTpreparation), although it is presently 
unknown how the MAPK pathway is triggered by these agents. 
However. Sa\ Ras and Raf- 1 have been implicated in the 
activation of MAPK by UV-light. 
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Kij». 4. The human c-/i».v SRE. (A) Interaction of one molecule TCF and a 
tlirner of SRF with the SRE. The CC( V T ) 6 GG CArG box* is the consensus 
binding site lor SRF. <B> Structure of known TCFs. The ETS-domain 
mediates DNA binding, the homologous region B is required for interaction 
with SRF and the homologous region C contains critical MAPK 
phosphorylation sites. Coordinates refer to human Elk- 1, human Sap-la/Sap- 
Ib and murine Erp/Net. 



Once stimulated. MAPK enters the nucleus (69,70) and 
phosphorylates serine and threonine residues on various sub- 
strates including ternary complex factors (TCFs). thereby 
activating their potential to stimulate transcription (71-75). 
Only in conjunction with the serum response factor (SRF) do 
TCFs interact with the c-fas SRE (76) (Figure 4A). Since the 
c-fos SRE is occupied by TCF and SRF before, during and 
after induction (24.77). phosphorylation of TCFs may occur 
in situ at the c-fos promoter. However, it could also involve 
the rapid exchange of proteins bound to the promoter. 

Several different TCFs have been identified (Figure 4B): 
Elk-1 (78). the two splice variants Sap-la and Sap-lb (79) 
and Erp/Net (80.81). These proteins represent a subclass of 
the Ets family which is characterized by a DNA binding ETS- 
domain interacting with sites possessing a GGA A / T core 
sequence (82.83). TCFs are able to tightly bind certain Ets 
target sites (84.85) but not the c-fos SRE that contains an Ets 
binding site with a GGAT core sequence (Figure 4A). Only 
additional protein -protein contacts with SRE-bound SRF via 
the homologous region B allows stable binding of TCFs to 
the c : /rw SRE (82,85-88). 

TCFs feature a third homologous region at the C-terminus 
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Xet the functional diversity of TCFs is poorly understood. 
T^re is a certain tissue specific expression of TCFs, however 
in sows organs all of them are expressed (8 1 ). It was suggested 
i^at dQtinct signal transduction pathways preferentially target 

In contrast to TCFs, dimerized SRF can autonomously 
interact with the c-fos SRE (91). Several phosphorylation sites 
have been mapped within SRF (92-96), however only the one 
at Serl03 has been shown to be induced upon growth factor 
stimulation and could be phosphoiylated by the kinase pp90™* 
in vitro (97). Since pp90"* is a taiget for MAPKs (98), future 
experiments should unravel whether inducible phosphorylation 
of SRF at Serl03 or other positions contributes to c~fos 
activation via the SRE. 

Interestingly, TCF dephosphorylation coincides with the 
down-regulation of c-fos after its induction, and both TCF 
dephosphorylation and c-fos down-regulation are blocked in 
the presence of the protein phosphatase inhibitor okadaic acid 
(99). TCF dephosphorylation could be due to constitutive 
serine/threonine phosphatases such as protein phosphatase 2A 
(99) or potentially also to an inducible phosphatase. This 
would imply that a net phosphorylation of TCFs is only 
feasible when MAPKs are more active on TCFs than these 
phosphatases. MAPKs themselves are only transiently stimu- 
lated and their dephosphorylation can be caused by dual 
specificity (serine/threonine and tyrosine) phosphatases such 
as 3CH134/CL100 (100,101) or PAC1 (102). These protein 
phosphatases are inducible by stimuli known to also induce 
c-fos (100-102). Thus they could be responsible for the 
transient nature of MAPK activation, and consequently also 
for the transient phosphorylation of TCFs and the transient 
transcriptional induction of c-fos. Indeed, constitutively active 
PAC1 has been demonstrated to oppose the activating effect 
of MAPKs on the c-fos SRE (103). 

Other mechanisms could also contribute to post-inductional 
repression of c-fos. One proposed mechanism is squelching 
via a low abundance coactivator necessary for induced tran- 
scription via the SRE, which could involve SRF or c-Fos itself 
(104). Both of these transcription factors are elevated in their 
concentration shortly-after the transcriptional induction of c- 
fos % and both proteins have been shown to repress SRE- 
dependent transcription, c-Fos even independently of its DNA 
binding domain. Another proposed mechanism is that newly 
synthesized SRF may bind the SRE in a hypophosphorylated 
state, thereby contributing to c-fos down-regulation (105). 



The cAMP response element (CRE) 

The c-fos CRE represents a binding site for CREB (CRE 
binding protein) and related transcription factors. CREB con- 
tains a basic region-leucine zipper motif that is responsible 
for dimerization and DNA binding (106). Transactivation 
exerted by CREB requires phosphorylation on Serl33 (107) 
since only the phosphoiylated form of CREB is capable of 
interaction with CBP (CREB binding protein), a coactivator 
thought to be required for the establishment of contacts with 
the transcriptional machinery (108-110). CREB is a well 
established target of protein kinase A (PKA) that itself is 
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Fig. 5. Signal transduction pathways targeting the c-fos CRE. Ail signals 
have been demonstrated to induce phosphorylation of CREB on Serl33 
leading to its activation. However note that hetero- or homodimers of other 
members of the CRE binding protein family might also activate c-fos. 



activated by the second messenger cAMP (111). Accordingly, 
the c-fos CRE is involved in transcriptional upregulation in 
response to cAMP ( 1 12). * 

Signal transduction via PKA is often initiated at the plasma 
membrane upon interaction of a ligand (for instance the 
neurotransmitter nicotine) with a G protein-coupled serpentine 
receptor (Figure 5). This induces the dissociation of heterotrim- 
eric G proteins into Got subunits and Gffy components leading 
to the activation of adenylyl cyclase (62). Adenylyl cyclase 
converts ATP into cAMP which interacts with the regulatory 
subunits of the inactive cytoplasmic form of PKA. cAMP 
binding results in the dissociation of the catalytic subunits of 
PKA, which can then translocate to the nucleus, phosphorylate 
CREB on Serl33 and thus activate CRE-dependent transcrip- 
tion (III). Similar to TCFs, the phosphorylation status of 
CREB determines the degree of transcriptional activity, and 
a constitutively active serine/threonine phosphatase (protein 
phosphatase I) may dephosphorylate CREB in vivo, thereby 
attenuating CRE-driven transcription (113). 

Membrane depolarization, which leads to an influx of Ca 2+ , 
results in the phosphorylation of CREB and the induction of 
c-fos via the CRE in neuronal PC 12 cells. However, membrane 
depolarization does not significantly enhance intracellular 
cAMP levels, indicating that a signal transduction pathway 
independent of PKA is utilized ( 1 14). Several lines of evidence 
argue for the activation of Ca 2+ /ca!modulin-dependent protein 
kinases (CaMKs) by Ca 2+ influx and subsequent phosphoryla- 
tion of CREB by CaMKs (Figure 5). (i) Depolarization of 
PC 12 cells activates CaMKs (IIS), (ii) Both CaMK I and 
CaMK II are capable of phosphorylating CREB on Serl33 
in vitro (116). (iii) c-fos induction by Ca 2+ influx is abolished 
by calmodulin antagonists (117). 

In addition, nerve growth factor (NGF) has been shown to 
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stimulate c-fos transcription in PCI 2 cells by phosphorylation 
of CREB on Serl33 which appears to be independent of PKA 
amid CaMKs (Figure 5). Rather, an unknown Ras-dependent 
pirottein kinase seems to be involved (118).. Since (the NGF 
receptor is a classical growth factor receptor tyrosine kinase, 
it is likely that binding of its cognate ligand recmits Ras via 
Grb2 and Sos or other SH2-containing adaptor systems (36), 

QSedhiuiritafflG tergetiing of (the otfos piWDiniaoder? 

As described above, most signals targeting the c-fos SIE have 
been shown to also stimulate the SRE. Similarly, Ca 2+ , cAMP 
and NGF root only activate the c-fos CRE but also the SRE 
(21,119,120). Why do signals often target more than one 
element in (the c-fos promoter? One answer might be to ensure 
that even weak stimulants activate c-fos. Furthermore it appears 
that signaling to the c-fos promoter may nearly always involve 
the SRE, identifying this element as the pivotal regulatory 
sequence. jHIowever, in hippocampal neurons Ca 2+ may activate 
two distinct signaling pathways depending on its mode of 
entry into neurons. Ca 2+ entry via the NMDA receptor seems 
to activate preferentially the c-fos SRE and only very slightly 
the c-fos CRE, while this situation is reversed upon Ca 2+ entry 
through a voltage-gated L-type Ca 2+ channel (121). This 
example serves to illustrate that the other c-fos promoter 
elements may also function independently of a simultaneous 
activation of the SRE. 

c-fos activation due to cAMP is apparendy just as complex. 
The induction of PKA by cAMP, which leads to the activation 
of the c-fos CRE, has been shown to block the Ras-dependent 
activation of Raf-1 and thus the MAPK pathway in some cell 
lines, probably by inhibition of Raf-1 by PKA (122-124). This 
suggests that cAMP-mediated induction of c-fos could be 
mediated solely by the CRE, because any potential MAPK- 
mediated stimulation of the c-fos SRE would be attenuated. 
However, cAMP has been demonstrated to activate MAPK 
independently of Raf-1 in PC 12 cells (125). This mechanism 
is thus apparently distinct from the Ras-dependent activation 
of MAPK induced by certain G proteins (63-65, 1 26). It was 
speculated that this effect may be mediated by either action 
of PKA or by cAMP-gated ion channels. Therefore, the CRE 
and the SRE may also jointly up-regulate c-fos transcription 
in certain cell lines. Thus, signal transduction pathways target- 
ing the c-fos promoter may be cooperative or antagonistic 
depending on the cell-type studied. 

BioSogicaO function of the Fos protein 

The Fos protein, as part of the AP-I transcription factor 
complex, has been implicated in cell proliferation and trans- 
formation, particularly in the transition from the G 0 to G x 
phases of the cell-cycle (1,1 27). Yet homozygous c-fos knock- 
out mice, although displaying some defects in bone formation 
and the haematopoietic system, can mature to adulthood 
( 1 28, 1 29), indicating that c-Fos is not absolutely indispensable. 
Clearly, Fos overexpression in transgenic mice induces bone 
tumors (130), demonstrating the potential of c-fos to be 
oncogenic in vivo. However, Fos-induced transformation is 
not dependent on expression at particular stages of the cell 
cycle, rather it is related to the duration of Fos expression 
(131). These results suggest that the main function of Fos is 
not to regulate the expression of important determinants of the 
cell-cycle. Arguments for and against the involvement of c-Fos 
in cell-cycle control have been summarized by Hesketh (132). 



Activation of signal transduction pathways variably ctaiges 
patterns of gene expression and metatolisim, often leading to 
greatly increased consumption of ATR Mitockindrial ATP 
synthesis is accompanied by the generation off tak neacttove 
oxygen intermediates (133), Indeed, up to 2-5% of the oxygeiro 
reduced by mitochondria may be released to fomm H2O2 (134 h 
Thus, increased metabolism following cell stimulation comM 
induce redox stress. Interestingly, many of the genes induced 
by redox stress contain AP-I binding sites which confer (Ms 
responsiveness. This is the case from yeast to mammals (135— 
139), suggesting that one conserved and pivotal taction of 
AP-I transcription factors is the maintenance of intracellular 
redox homeostasis. This may explain why c-fos induction is 
coupled to almost any cellular stimulus: it may primarily seave 
to induce the pro visionary up-regulation of AP-1 stimulated 
redox stress enzymes, whose function is to detoxify die 
undesirable products of potential metabolic changes. Mow 
might this relate to Fos-mediated transformation? As well as 
inducing stress, reactive oxygen intemmediattes have been* 
harnessed during evolution to activate signaling pathways as 
natural second messengers. This applies to both oxidative and 
reducing conditions (140). Some evidence exists to sufggest 
that reactive oxygen intermediate levels can influence trans- 
formation. The activity of some enzymes of glutathione meta- 
bolism correlates well with a transforming phenotype 
( 1 35, 1 41 ). Furthermore redox stress can induce DNA-synthesis 
(32,142,143), and reactive oxygen levels are thought to play 
a role in neoplasmic promotion 044). Thus, upsetting the 
natural regulation of reactive oxygen intermediate second 
messenger levels (potentially toward oxidative or reducing 
conditions), and the resulting perturbed expression of redox 
responsive genes, could facilitate the cell transformation 
induced by overexpressed Fos. 
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Summary 

The proto-oncogene c-/os is a major nuclear target for 
signal transduction pathways involved in the regula- 
tion of cell growth, differentiation, and transformation. 
Using the multistep skin carcinogenesis model, we 
have directly tested the ability of c-fos-deficient mice 
to develop cancer. Upon treatment with a tumor pro- 
moter, c-/os knockout mice carrying a v-H-ras transgene 
were able to develop benign tumors with similar kinet- 
ics and relative incidence as wild-type animals. How- 
ever, c-fos-def icient papillomas quickly became very 
dry and hyperkeratinized, taking on an elongated, 
horny appearance. While wild-type papillomas eventu- 
ally progressed into malignant tumors, c-ros-deficieM 
tumors failed to undergo malignant conversion. Ex- 
periments in which v-H-ras-expressing keratinocytes 
were grafted onto nude mice suggest that c-fos-def i- 
cient cellsjiave an intrinsic defect that hinders tumor- 
igenesis. These results demonstrate that a member of 
the AP-1 family of transcription factors is required for 
the development of a malignant tumor. 

Introduction 

Advances in molecular biology have served to outline the 
multiple genetic components that are involved in the devel- 
opment of cancer. It is now well established that for a cell 
to grow aggressively within the context of the organism, 
proto-oncogenes must be mutated to become active 
growth inducers, tumor suppressor genes must be func- 
tionally lost, and the cell must be released from its own 
self-destruction program. Many of the important mole- 
cules in cancer development are proteins that function 
outside the nucleus of the cell, either assessing changes in 
the extracellular environment or relaying messages from 
sensor proteins to the control center of the cell. Because 
mitogens, growth factors, and tumor promoters regularly 
use these signal transduction pathways, mutations in 
genes implicated in either signal recognition or propaga- 
tion can induce the cell to behave inappropriately. Upon 
reaching the nucleus, signals from these proteins must 



communicate with transcription factors to elicit the changes 
in gene expression that can allow the cell to react to its 
new environment. 

One class of transcription factors that it is thought to 
serve as the nuclear target of m any oncogenic signal trans- 
duction pathways is the activator protein 1 (AP-1) family 
" (reviewed by Ransone and Verma, 1 990; Angel and Karin, 
1 991). This multigene group includes members of the Fos 
(c-fcs, fosB, fra-7, and /ra-2) and Jun (c-junj'unB, and junD) 
families. Members of the Fos family form heterodimers 
with Jun proteins and regulate transcription by binding 
DNA at AP-1 sites. These c/s-acting regulatory elements 
are found in a variety of genes involved in cell proliferation, 
differentiation, and tumorigenesis. Oncogenic activation 
of several signal transduction pathways can result in in- 
creased AP-1 activity. For example, tumorigenic muta- 
tions in the proto-oncogene H-ras activate a family of mito- 
gen-activated protein (MAP) kinases (JNKs/SAPKs) that 
phosphorylate Jun to augment its transactivation potential 
(Pulvereret al., 1991; Binetruy et ai., 1991). Recently, an 
analogous class of Ras-responsive intracellular kinases 
has been described that seems to regulate Fos activity 
(Deng and Karin,* 1994). It is unclear from these in vitro 
studies, however, how elevated AP-1 -dependent gene ex- 
pression can contribute to cancer development in vivo. 

A clue to the significance of AP-1 activity for cell transfor- 
mation can be found in the history of fos and jun, as both 
genes were initially described as the transforming princi- 
ples of oncogenic retroviruses (Curran et al., 1982; Maki 
et al., 1987). Later studies using transgenic mice showed 
that stable expression of c-fos led to a dysregulation of 
bone growth eventually resulting in osteosarcomas and 
chondrosarcomas (Rutheret al., 1987, 1989). Transgenic 
mice expressing an oncogenic form of jun developed fibro- 
sarcomas at sites of wound healing (Schuh et al., 1990). 
These observations indicated that aberrant expression of 
AP-1 genes could affect mitogenic control and promote 
neoplastic transformation of specific tissues. 

Through the use of embryonic stem cell gene targeting 
technology, null mouse mutations of c-fos and c-jun have 
recently been generated (Johnson et al., 1992, 1993; 
Wang et al., 1992; Hilberg et al., 1993). While the c-jun 
knockout mutation is embryonic lethal, the c-/os null 
mouse is viable, though it displays a variety of tissue- 
specific anomalies. These defects include a severe form 
of osteopetrosis, a mild lymphopenia, delayed gameto- 
genesis, and some behavioral abnormalities. In spite of 
these deficiencies, the availability of these mutant mice 
has allowed us to use them as tools to study the role of 
c-/bs in cancer development in vivo. Our intention was to 
examine the unfolding of the neoplastic process in the 
absence of a critical component of the AP-1. family, 

To address the relevance of c-fos for cancer develop- 
ment, we have used the classical model of multistep 
mbuse skin carcinogenesis (reviewed by DiGiovanni, 
1992; Henninas et al.. 1993: Yusna loo^n Ti,ryy^.M 



opment in mouse skin can be divided into three steps: 
initiation, promotion, and progression. Initiation is an irre- 
versible step that experimentally can be brought about 
by the application of a single dose of a mutagen (e.g., 
2,5-dimethoxybenzaldehyde [DMBA]). Initiated cells can 
lie dormant until they are induced to proliferate, either by 
repeated treatments with a tumor promoter (e.g., 12-0- 
tetradecanoylphorbol-13-acetate [TPA]) or by a natural 
promoting stimulus such as wounding. During promotion, 
initiated cells are thought to have a growth advantage, 
and the tissue hyperplasia eventually results in a visible 
benign clonal outgrowth, a papilloma. Over time, papillo- 
mas can accumulate additional genetic mutations and 
progress into a malignant tumor, a squamous cell carci- 
noma. Carcinomas can undergo a further epitheiial-mes- 
enchymal transition to give rise to highly invasive spindle 
cell tumors (Klein-Szanto et al., 1989; Buchmann et a!., 
1991). 

In this study, we, have found that while c-/os does not 
seem to be necessary for normal epidermal differentiation 
or for the early proliferative steps of skin tumor formation,., 
it is required for malignant tumor conversion. These results 
offer clear genetic evidence that an AP-1 factor is indis- 
pensable for the development of certain cancers. 



Results 

c-/os-Deficient Keratinocytes Form 
a Normal Epidermis 

The skin is one of the few adult tissues in which c-fos 
expression has been reported to be constitutive (Fisher 
et al., 1 991 ; Smeyne et al., 1 992). Coupled with the obser- 
vation that functional AP-1 sites can be found in a variety 
of genes associated with epide rmal development, this find- 
ing raised the possibility that the skin of c-fos null mice 
could display an aberrant pattern of differentiation. To un- 
cover any intrinsic abnormalities in unperturbed c-fos- 
deficient skin, we stained newborn epidermis with markers 
for specific stages of keratinocyte differentiation. Figure 
1A shows double-labeled immunofluorescence staining 
for three markers: keratin 1 4 (K1 4), expressed in proliferat- 
ing basal keratinocytes; keratin 1 (K1), induced in the dif- 
ferentiating spinous cells; and loricrin, a component of the 
cornified envelope expressed in the terminally differenti- 
ated cells of the granular layer. Comparison of th^staining 
patterns for these and other epidermal differentiation 
markers failed to reveal any differences among mice of 
varying c-fos genotype. Histological examination of new- 
born c-fos-deficient skin showed that no obvious differ- 
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Figure 1. Analysis of Wild-Type and c-fos- 
Deficient Epidermis 

(A) Indirect immunofluorescence staining or" 
epidermal differentiation markers in newborn 
epidermis. In the top panels, K14 staining is 
shown in green and K1 in red. Areas of overlap 
appear yellow. The bottom panels show K14 
in green and loricrin in red. Again, areas of 
common staining are yellow. Magnification, 
204x. 

(B) Hematoxylin and eosin staining of wild-type 
and c-fos-deficient newborn skin. Magnifica- 
tion, 163x . 
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ences exist in epidermal organization or cellularity (Figure 
1 B). Analogous results were obtained with thinner adult 
skin. Furthermore, when newborn mice were injected with 
bromodeoxyuridine to identify epidermal cells undergoing 
ON A replication, the number of proliferating cells was 
found to be similar in both genotypes (data not shown). 
These observations allowed us to conclude that, on the 
basis of keratinocyte growth rate or pattern of differentia- 
tion-dependent gene expression, the skin of c-fos-deficient 
mice is indistinguishable from that of wild-type mice. 

c-fos Is Not Required for the Early Stages 
of Skin Carcinogenesis 

To induce tumor formation in the skin of mice, we used 
a modified version of a traditional DMBA/TPA tumor induc- 
tion protocol. Instead of using a chemical initiator, c-fos 
mutant mice were bred with a transgenic strain (TG.AC) 
carrying a v-H-ras transgene that can act as a classical 
initiation event (Leder et al., 1990). The existence of this 
transgenic strain enabled us to avoid the use of initiators 
that would have introduced undefined genetic mutations, 
potentially complicating the interpretation of the results. 
Even though the transgene is under the control of an em- 
bryonic globin promoter and thus is not normally active 
in the skin, expression of the transgene is induced in epi- 
dermal cells when they are prompted to proliferate either 
by application of tumor promoters or by a natural stimulus 
such as hair plucking (Hansen and Tennant, 1994a, 
1 994b). Mice carrying the TG .AC transgene are very sensi- 
tive to a variety of tumor promoters; they rapidly develop 
large numbers of papillomas (Spalding et al., 1993). 

Mice homozygous for the TG.AC transgene were mated 
with mice heterozygous for the c-fos null mutation. Off- 
spring carrying both mutations were identified and in- 
terbred to' generate mice of all possible genotypes. The 
dorsal epidermis of these mice was then treated with the 
tumor promoter TPA twice a week for 5 weeks, according 
to standard promotion protocols for the TG.AC strain. 
Treated mice were monitored biweekly for the appearance 
of papillomas. As can be discerned from Figure 2, c-fos- 
deficient mice were able to develop papillomas, and they 
did so with equivalent kinetics to those of their wild-type 
and heterozygous littermates. Furthermore, the time to 
appearance of the first tumor and the number of papillo- 
. mas per mouse were indistinguishable among genotypes. 
Because papillomas are very heterogenous and often tend 
to coalesce with other papillomas, size comparisons are 
difficult. Nevertheless, no obvious differences in tumor 
size could be observed among mice of differing geno- 
types. 

Table 1 summarizes benign tumor incidence rates. A 
small minority of v-H-ras transgenic mice in each group 
proved to be resistant to TPA treatment. This resistance 
did not correlate with c-fos genotype and has previously 
been described for inbred FvB/N TG.AC mice. Two conclu- 
sions can be drawn from the data in Table 1 regarding 
the role of c-fos in the early steps of mouse skin carcino- 
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Figure 2. Initial Kinetics of Papilloma Appearance 
Number of papitloma-bearing mice as a percentage of those treated 
with tumor promoter: wild-type mice (closed circles; n = 19), heterozy- 
gous mice (open squares; n = 35), and c-fos null mice (open circles; 
n = 29). 



Second, since c-fos-deficient mice bearing the v-H-ras 
transgene developed papillomas in a normal manner, it 
is clear that in this model of carcinogenesis, this proto- 
oncogene is not necessary for promotion. 

c-fos-Deficient Papillomas Evolve into Horny, 
Elongated Tumors Characterized 
by Massive Hyperkeratinization 

Although c-fos-deficient papillomas initially displayed an 
identical external appearance to wild-type tumors, a strik- 
ing change in morphology was noticed soon after the end 
of promotion. Within 4 weeks after TPA treatment was 
completed, the papillomas on all c-fos null mice started 
to become very dry, elongated, and hyperkeratinized. This 
change in morphology was very apparent as the study 
advanced. Though some papilloma regression was ob- 
served in mice of all genotypes, the papillomas that per- 
sisted on wild-type and heterozygous mice remained vigor- 
ous and well vascularized. In contrast, mutant papillomas 
became desiccated and extremely hyperkeratinized and 
showed little external vascularization. Figure 3A shows a 
comparison of wild-type and c-fos null papillomas soon 
after the end of promotion. While wild-type papillomas re- 
tained a similar morphology until the end of the study, 
c-fos-deficient tumors acquired a rather horny appear- 
ance: they evolved into severely keratinized, grotesque 
projections. Examples of these older c-fos-deficient tu- 
mors are shown in Figure 3C. Histopathology of wild-type 
and mutant papillomas revealed that c-fos-deficient tu- 
mors indeed display a very dramatic hyperkeratinization, 
showing a remarkable increase in the terminally differen- 
tiated stratum corneum (Figure 4). In addition, c-fos- 
s deficient papillomas seemed to present an abrupt transi- 
tion hfitween the basal laver and the stratum corneum. 
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Table 1 . Benign Tumor Incidence Rates 



Genotype 


Treatment 


Papillomas 


Incidence (%) 


Panillnmac nor Mniiea 
i afjiiiuiiiao pel IVIUUS6 


c-fos wild-type transgenic v-H-ras 


TPA 

Acetone 


17of 19 
Oof 4 


90 
0 


Oft -i_ AAA 

do ± 14.4 


c-fos heterozygous transgenic v-H-ras 


TPA 

Acetone' 


30 of 35 
0 of 5 


86 
0 


22 ± 15.7 


c-fos-deficient transgenic v-H-ras 


TPA 
Acetone 


26 of 29 
0 of 6 


90 
0 


23 ± 14.3 


c-fos wild type 


TPA 


0 of 9 


0 




c-fos heterozygous 


TPA 


0 of 13 


0 




c-/os deficient 


TPA 


0 of 6 


0 





33.4 ± 7.2 
34.8 ± 8.9 
32.0 ± 7.7 



k111?T 1^' aH mlCe W6 ' e ShaV6d and Pr0m0ti0n treatment was started either wlth TPA or w ^h solvent alone (acetone) Mice were monitoV^ 
biweekly for the appearance of tumors. Papillomas per mouse and time to first tumor statistics are given as mean ± SO monitor ^ 



the c-fos null mutation appeared identical to wild-type pap- 
illomas: their morphology did not change, and they did 
noi present an abnormal epidermal architecture. 

To investigate whether these hyperkeratinized c-fos- 
deficient tumors showed an abnormal rate of regression, 
we compared the average number of papillomas per 
* mouse at 9 weeks and at 23 weeks. Since TPA treatment 
was discontinued at the end of week 5, the majority of 
regressing papillomas should have disappeared by week 
23. In wild-type mice, the mean number of papillomas per 
mouse decreased from 26 at week 9 to 10.5 at week 23 (a 
60% reduction). Heterozygous mice showed a very similar 
decline, from 22.1 tumors per mouse at week 9 to 8.9 at 
week 23 (a 60% decrease). The mean number of papillo- 
mas per mouse in c-fos-deficient animals decreased from 
23 at week 9 to 4.7 at week 23 (an 80% reduction). These 
data show that c-fos is not required for the persistence of 
papillomas. Whether papilloma regression rates are signif- 
icantly affected by the c-fos null mutation is an issue that 
will require more study. 

Papillomas Lacking c-fos Fail to Undergo 
Malignant Conversion 

Wild-type mice began to develop malignant skin tumors 
around week 20, although most cases of malignant pro- 
gression were noticed between weeks 25 and 30. Malig- 
nant lesions first appeared as ulcerated areas within a 
papilloma that grew rapidly. These malignant tumors were 
identified histologically as either squamous cell carcino- 
mas or, more frequently, spindle cell tumors, in agreement 
with what has been described for the TG. AC strain (French 
et al., 1994). By the end of the study (week 45), malignant 
progression had been observed in 4 of 7 (57%) surviving 
wild-type mice and in 7 of 17 (41%) heterozygous mice 
(Table 2). In contrast, no malignant skin tumors had been 
detected in 13 remaining c-fos null mice. A detailed patho- 
logical examination of all remaining c-fos-deficient papillo- 
mas at the end of the study failed to find any evidence of 
microscopic malignant progression. The decrease in the 
number of mice that were available at the later timepoint 
to assess progression is a reflection of the fact that the 
v-H-ras TG.AC transgene induces a variety of other tumors 



(e.g., hematopoietic malignancies) that necessitate the 
sacrifice of the affected animal. Nevertheless, the differ- 
ence in progression rates of tumors with or witfiout c-fos 
(57% and 41% versus 0%) is statistically significant (p < 
0.0001) and allows us to conclude that c-fos is required 
for malignant progression of experimentally induced skin 
tumors. Wild-type and c-fos-deficient papillomas expressed 
similar levels of transgenic v-H-ras 1 month after the end 
of tumor promoter treatment (Figure 5B). Hence, the inabil- 
ity of c-fos-deficient papillomas to become malignant is 
not due to a reduced level of oncogenic H-ras expression. 
These final progression figures do not exclude the possio il- 
ity of a heterozygous effect, although the finding that het- 
erozygous papillomas behave like wild-type papillomas by 
all criteria examined argues against it. 

Alterations in Gene Expression 
in c-fos Null Papillomas 

To examine whether the lack of malignant progression of 
c-fos-deficient tumors correlated with specific changes in 
gene expression, we isolated RNA from pools of pap>o- 
mas from wild-type and c-fos-deficient mice. Each pool 
consisted of five to six tumors taken 1 month after the end 
of TPA treatment. These RNAs were used to measure the 
degree of expression of certain AP-1 -regulated genes in 
the papillomas. The genes encoding the tumor metallopro- 
teases stromelysin and type I collagenase were of particu- 
lar interest because studies using c-fos-deficient fibro- 
blasts had shown that c-fos is required for the induction 
of these genes in response to mitogerjic stimulation (Hu 
et al., 1994). In addition, enhanced expression of these 
tumor metalloproteases has been associated with the pro- „ 
gression of benign, encapsulated papillomas to malignant, I 
invasive tumors (Matrisian et al., 1986; Liotta and Stetler- § 
Stevenson, 1 990). While the stromelysin and type I colla- ■$ 
genase mRNAs were detectable in the pools of wild-type f 
tumors, they were virtually absent in RNA pools from f 
c-fbs-deficient papillomas (Figures 5A and 5B). The appar- J 
ent lack of external vascularity of mutant tumors also | 
prompted us to assess the level of expression of angio- | 
genie factors in the papillomas. Of special interest was f 
the pattern of expression of vascular endothelial growth % 
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Figure 3. External Appearance of Papillomas 

(A) A wild-type mouse (left) and a c-fos-deficient littermate (right) are 
shown 3 weeks after the end of promotion. 

(B) c-fos null mouse 9 weeks after the end of promotion (14 weeks 
from the start of treatment); note the change in morphology that is 
now obvious in ail papillomas. 

(C) Wild-type and c-fos-deficient tumors 4 months after the conclusion 
of TPA treatment. The black mouse is the same mouse as that shown 
in (B). Notice the absence of external vascularity in the large tumors 
of the brown c-fos-deficient mouse. Color coat segregates indepen- 
dently of both the TG.AC transgene and the c-fos null mutation. 
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factor (VEGF), for this protein may be the prime regulator 
of normal and tumor angiogenesis (Klagsbrun and Soker, 
1993). The VEGF gene was expressed in c-fos-deficient 
tumors, but the levels of VEGF mRNA measured in mutant 
papillomas were 5- to 10-fold lower than those found in 
RNA pools derived from wild-type papillomas (Figure 5C). 

The changes in keratin gene expression that take place 
during a protocol of skin carcinogenesis are well estab- 
lished and can often serve as markers of the degree of 
tumor progression. For example, papillomas with a high 
risk for malignant conversion frequently replace K1 ex- 

. .. _ » ■ _ * _ . 



normally restricted to internal epithelia (Nischt etal., 1 988; 
Gimenez-Contietal., 1990). Regions of premalignant pap- 
illomas that express K13 do not normally express K1 . To 
monitor keratin gene expression in c-fos-deficient papillo- 
mas, we stained serial sections of tumors with antibodies 
prepared against an array of keratins. Surprisingly, K13 
expression was ubiquitous in the suprabasal layers of 
c-fos-deficient papillomas. More significantly, though, 
while K1 and K13 expression was mutually exclusive in 
* wild-type papillomas, these two keratins were invariably 
coexpressed in the same cells in the mutant oaDillomas 
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c-fos(+/+) c-fos(V-) Figure 6. Aberrant Keratin Gene Expression 

in c-fos-Deficient Papillomas 




Serial sections of tumors (obtained 2.5 months 
after the start of the study) were stained with 
antibodies against K1 (bottom) and K13 (top) 
and photographed at the same magnification 
(32 x). Note the coexpression of K1 and K13 
in c-fos-deficient tumors. 



growth. To establish whether c-fos-deficient keratinocytes 
display a cell-autonomous defect that prevents them from 
giving rise to malignant tumors, we tested the ability of 
v-H-ras-expressing mutant keratinocytes to form tumors 
when grafted onto the back of wild-type hosts (Roop et al. f 
1986). Primary keratinocytes derived from c-fos-deficient, 
heterozygous, and wild-type mice were infected with a 
helper-free retrovirus, a variant Harvey murine sarcoma 
virus (Ha-MSV), expressing an oncogenic form of H-ras 
(Roop et al. , 1 986), were mixed with wild-type dermal fibro-- 
blasts, and were grafted onto the back of athymic nude 
mice. Grafted Ha-MSV-infected wild-type keratinocytes 
gave rise to large papillomas. In contrast, grafts of infected 
c-fos-deficieflt keratinocytes did not produce significant 
tumors. Rather, v-H-ras-expressing cells lacking c-fos gen- 
erated a normal-epidermis that was hyperplastic in some 
cases. Interestingly/grafts of keratinocytes heterozygous 
for the c-fos null mutation gave rise to small tumors of 
variable size that on average were approximately 35% the 
size of their wild-type counterparts. While there was some 
variation in absolute tumor volume values, the same trend 
was observed in three independent experiments: v-H-ras- 
expressing keratinocytes homozygous for the c-fos null 
mutation failed to produce tumors (n = 8), heterozygous 
cells generated small, fragmented papillomas (n = 12), 
and wild-type keratinocytes gave rise to large tumors 
(n = 14). Mice from a representative experiment are 
shown in Figure 7A. The presence of black pigment in 
mice with grafts of c-fos-deficient keratinocytes indicates 
that the graft was successful. Figure 7B displays the evolu- 
tion of tumor volume as a function of time for that same 
experiment. Mice with c-fos-deficient grafts failed to de- 
velop tumors, even when monitored for 3 months (6 weeks 
beyond the normal observation period). Since tumor for- 
mation in this system is dependent upon oncogenic H-ras 
expression, the levels of mutant Ras protein in keratino- 
r.vt*s used for araftina were examined. All Ha-MSV- 



equivalent levels of exogenous Ras in vitro as well as in 
vivo (data not shown). The growth rate in vitro of all v-H-ras- 
expressing keratinocytes was similar, regardless of c-fos 
genotype (data not -shown). Furthermore, implanted c-fos 
null keratinocytes coinfected with Ha-MSV and a v-fos ret- 
rovirus generated dysplastic tumors indistinguishable 
from those produced by similarly infected wild-type cells, 
confirming that a fos-dependent function is responsible 
for the deficiency in tumor formation of mutant cells (data 
not shown). These transplantation experiments illustrate 
that v-H-ras-expressing keratinocytes derived from c-fos 
null animals appear to have a cell-autonomous defect that 
hampers tumorigenesis. 

Discussion 

Tumorigenesis is a complex process that requires alter- 
ations in many genes involved in the regulation of cell 
growth. Many of these genes function outside of the nu- 
cleus of the cell and must ultimately exert their effects by 
communicating with transcription factors. The AP-1 family 
is believed to be one of the nuclear targets of several signal 
transduction pathways, in particular the Ras-MAP kinase 
pathway (reviewed by Hill and Treisman, 1995). Because 
these pathways are frequently dysregulated by activated 
oncogenes, it is of considerable interest to determine 
whether AP-1 factors are actually necessary for cancer 
development. We have used the well-characterized model 
of multistep mouse skin carcinogenesis to examine the 
unfolding of the neoplastic process in the absence of c-fos, 
an important member of the AP-1 family. Our results dem- 
onstrate that c-fos is required for the development of malig- 
nant skin tumors. 

The Role of c-fos in Initiation and in Promotion 

Tp test the role of c-fos in the various steps of skin carcino- 
genesis, we mated mice heterozygous for the c-fos null mu- 
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Figure 7. Grafting of v-H-ras-ExpressingKera- 
tinocytes 

(A) Appearance of grafts of Ha-MSV-infected 
keratinocytes 6 weeks after implantation. The 
genotype of grafted keratinocytes is shown be- 
low each picture. The presence of pigment (de- 
noting cells of the C57BL/6J x 1 29/SvJ ge- 
netic background) indicates that grafts were 
successful. 

(B) Tumor development as a function of timt: 
for grafts of wild-type (n = 4), heterozygous 
(n = 5), and c-fos-deficient (n = 3) v-H-ras- 
expressing keratinocytes. Curves represent 
the average tumor volume for each group. Er- 
ror bars denote SEM. Note that c-/os-deficient 
cells did not give rise to tumors. 
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c-fos (-/-) 
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that can substitute for a chemical initiation step. Even 
though mutations in H-ras are very common during initia- 
tion in DMBA/TPA protocols, skin tumors induced with 
other carcinogens frequently do not bear H-ras mutations 
(Bremner et al . , 1 994). This observation suggests that m u- 
tations in other unspecified genes can also serve as initiat- 
ing events. To examine whether c-fos could be one of 
these unidentified genes, we treated c-fos null mice not 
carrying the v-H-ras transgene with the tumor promoter 
TPA. The absence of papilloma formation established that 
a c-fos null mutation cannot serve as an initiation event. 

Mutant mice bearing the v-H-ras transgene were able 
to develop papillomas normally upon TPA treatment. That 
c-fos-def icient papillomas appeared with standard kinetics 
and in comparable numbers to wild-type tumors shows 
that, under these experimental conditions, c-fos is not re- 
quired for benign tumor formation. Because c-fos is an 
immediate-early gene whose expression is often used as 
a marker of cellular proliferation, it may have been antici- 
pated that the. main contribution of c-fos to oncogenesis 
would be either to accelerate the rate of cell division or 



seem to be the case in this study. It is possible that during 
promotion, TPA induces the expression of other genes 
that can functionally complement the absence of c-fos. 
Nonetheless, since in the vast majority of experimental 
carcinogenesis protocols, TPA promotion is continued for 
many weeks, the real relevance, if any, of c-/os for tumor 
promotion would also be concealed under those circum- 
stances. Thus, we can conclude that, while it may be im- 
portant, c-fos is not essential for tumor promotion brought 
about by TPA treatment. 

Abnormalities of Epidermal Differentiation 
in c-fos-Deficient Papillomas 

Although initially identical to wild-type papillomas, shortly 
after the end of TPA treatment, c-fos-deficient tumors be- 
gan to manifest some clear differences. Over time, c-fos- 
deficient papillomas are characterized by a grotesque hy- 
perkeratinization. Mutant papillomas evolve into horny 
projections covered by a crust of keratin that can grow 
as long as 2-3 cm. The development of such elongated, 
hyperkeratinized papillomas (with the great frequency 
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col. It was surprising to find universal K13 expression in 
these apparently benign tumors, for K13 induction has 
heretofore been considered a useful diagnostic of prema- 
lignant progression. It is important to note that these c-fos- 
mediated differences in epidermal differentiation are only 
apparent within the context of carcinogenesis, for no differ- 
entiation abnormalities were detected in untreated c-fos- 
deficient epidermis. Hence, it is conceivable that the ob- 
served differences are contingent on the expression of a 
mutant H-Ras protein. It is also possible that the expres- 
sion of the various members of the AP-1 family may be 
abnormally regulated during tumorigenesis. Given the 
large number of AP-1 sites that have been identified in 
epidermal differentiation genes, disorderly expression of 
other AP-1 members in the absence of c-fos may have 
profound effects. Using immunohistochemistry, we have 
oeen unable to recognize significant differences in the 
expression pattern of AP-1 genes in wild-type and mutant 
papillomas (data not shown). However, since the activity 
of AP-1 proteins can be regulated by reversible phosphor- 
ylation, it is possible that differences may exist in AP-1- 
dependent gene expression that are not reflected in an 
unusual pattern of AP-1 family protein expression. 

The Role of c-fos in Papilloma Survival 
and Malignant Progression 

in contrast with wild-type and heterozygous tumors, not a 
single c-fos-deficient papilloma progressed to malignancy 
by the end of the study. Several explanations can poten- 
tially account for this observation. It is well established 
that c-fos controls the expression of a variety of genes4hat 
are up-regulated during malignant progression, including 
those encoding the tumor metalloproteases stromelysin 
and type I collagenase (Kerr et al., 1988; Schonthal et a!., 
1988; Hepnigan et al., 1994). The tumor metalloproteases 
are a group of secreted enzymes that can degrade the 
extracellular matrix, thereby facilitating tumor growth, in- 
vasion, and metastasis (reviewed by Liotta and Stetler- 
Stevenson, 1990). Increased metalloprotease expression 
has been associated with malignant progression in many 
models of in vivo cancer development (reviewed by 
McDonnell and Matrisian, 1 990). Given that the transcripts 
for stromelysin and type I collagenase were undetectable 
in RNA obtained from pools of mutant papillomas, it is 
likely that a protease insufficiency may contribute to the 
lack of malignant behavior of c-fos-deficient tumors. 

The sparse external vascularity displayed by c-fos- 
deficient papillomas suggests a second possible factor for 
the benign nature of c-fos-deficient tumors. At a molecular 
level, the formation of new blood vessels is a process re- 
markably similar to tumor invasion and metastasis, for an- 
giogenesis also requires cells to traverse normal tissue 
boundaries and degrade the basement membrane of the 
tissue to be vascularized (reviewed by Liotta et al., 1991). 
c-fos could be mediating tumor angiogenesis not only 
through its control of the proteases that are critical for 
these processes, but also by modulating the expression 
of the growth factors that induce neovascularization, such 



pools of c-fos-deficient tumors. Finally, it is conceivable 
that the abnormal pattern of differentiation of c-fos- 
deficient papillomas may interfere or be incompatible with 
ordinary tumor progression. 

Diminished expression of tumor metalloproteases and 
angiogenic factors may also contribute to the inability of 
grafted v-H-ras-expressing c-fos-deficient keratinocytes to 
generate papillomas. The development of an established 
. graft/tumor involves complex fibroblast-keratinocyte in- 
teractions that must ultimately result in, among other 
things, the creation of a new blood vessel network to sup- 
port the growth of the graft (Smola et al., 1993; Borchers 
et al., 1994). In the multistep carcinogenesis system, the 
requirement for angiogenesis may be less stringent, at 
least for the early stages of tumor development. Since 
tumors are induced in skin that is already vascularized, 
initially neoplastic cells need only to expand the existing 
capillary network, not to establish a completely new one. 
It is also possible that chemical treatment in the multistep 
carcinogenesis system induces the expression of genes 
that allow papilloma formation in the absence of c-fos. 
Many genes, including those encoding the tumor metallo- 
proteases stromelysin and type I collagenase, are known 
to be expressed in response to tumor promoter stimula- 
tion; c-fos-deficient fibroblasts can express a limited 
amount of these proteases when stimulated with TPA 
(Krieg et al., 1988; Hu et al., 1994). The defect in tumor 
development observed in the grafting system could also be 
due to an autocrine overproduction of a growth-inhibiting 
molecule (e.g., transforming growth factor p) by c-fos- 
deficient cells. Alternatively, v-H-ras-expressing mutant 
cells may be more sensitive to constraining signals ema- 
nating from the wild-type cells that constitute the stromal 
component cf the implant. The experimental flexibility of 
the skin grafting system should permit the reintroduction 
of proteases and angiogenic factors to test whether the 
cell-autonomous defect in tumorigenesis of c-fos-deficient 
keratinocytes is linked to the expression of these genes. 

Although the specific details of why c-fos-deficient papil- 
lomas fail to progress to malignancy are yet to be eluci- 
dated, these findings might provide a molecular mecha- 
nism for the observation that treatment with retinoids and 
glucocorticoids can prevent malignant progression of 
mouse skin tumors, as well as the occurrence of second- 
ary tumors in carcinomas of the head and neck in humans 
(Hong et al., 1990; Strawhecker and Pelling, 1992; De 
Luca et al., 1993). Both, the retinoic acid receptors and 
the glucocorticoid receptor are known to antagonize AP-1- 
dependent transcription directly (Schule et al., 1 990; Kerp- 
pola et al., 1993). Thus, it is possible that the inhibitory 
action of these hormones on AP-1 activity is at least par- 
tially responsible for their antitumorigenic effects. 

Relevance to Other Neoplastic Processes 
An important question is whether these findings' will" be 
meaningful for tissues other than the epidermis. We^have 
,n indirectly addressed this issue by monitoring, the fre- 
quency of the spontaneous tumors induced by the v-H-ras 
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nonsolid neoplasms, it appears to be critical for the devel- 
opment of certain solid tumors, such as odontogenic fibro- 
sarcomas (unpublished data). Moreover, a variety of other 
human and rodent tumors are known to overexpress c-fos 
(e.g,, Honoki et a!., 1 992; Urabe et al. f 1 992). One of these 
tumors is human squamous cell carcinoma of the lung 
(Volm et al., 1992; Wodrich and Volm, 19&3). Because the 
development of this cancer naturally requires repeated 
applications of a tumor promoter (e.g., tobacco smoke), 
many consider this human cancer the most accurate re- 
flection of the mouse skin model. Another clinically rele- 
vant tumor in which c-fos overexpression is associated 
with malignant progression is human breast cancer (Bi- 

unno et al., 1988; Walker and Cowl, 1991). _ . 

Our findings highlight the significance of c-fos for full 
neoplastic development. Since malignant progression is 
the most critical step in terms of host survival, the identifi- 
cation of a gene central to this process represents a prom- 
ising step toward the therapeutic prevention of neoplastic 
disease. Furthermore, because c-fos is not required for 
the viability of the whole organism, it may represent an 
attractive target for pharmacological intervention. 

Experimental Procedures 
Animals 

c-fos-deficient mice were generated as previously described (Johnson 
et al., 1992). Mice heterozygous for the c-fos null mutation (50% 129/ 
SvJ; 50% C57BU6J) were mated with FvB/N mice homozygous for the 
TG.AC transgene obtained from Charles River Laboratories. Offspring 
carrying both the TG.AC transgene and the c-fos mutation were identi- 
fied and interbred. Their progeny was typed for both mutations and 
divided into the groups shown in Table 1. At 12 weeks of age, mice 
were shaved, and their dorsal epidermis was treated with either 5 ng 
of TPA (Sigma) dissolved in 100 uf of acetone or acetone alone. To 
normalize for their reduced size (and hence smaller dorsal surface 
area), c-fos-deficient mice received 55% of the wild-type dose of pro- 
moter. This dose of TPA resulted in a similar papilloma yield in wild-type 
and mutant mice (see Table 1 ). Treatment was applied twice a week for 
5 weeks. Male mice were caged individually to prevent wound-induced 
tumors. All mice were examined at least once a week for a period of 
45 weeks. 

Histology and Immunohistochemistry 

For pathological analysis, complete autopsies were performed and 
tissues were fixed in Optifix. Tumors were not removed from mice 
under observation. For fluorescent immunohistochemistry, neonatal 
skin was frozen in OCT (Miles Incorporated). Double-labeled indirect 
immunofluorescence was performed as described by Nischt et a!. 
(1988). Antisera against mouse keratins and loricrin are characterized 
by Yuspa et al. (1989) and Mehrel et al. (1990). 

Cell Culture and Retroviral Infections 

Breeding pairs of animals heterozygous for the c-fos null mutation 
were monitored daily for the appearance of offspring. Neonatal mice 
were genotyped by PCR (Johnson et al., 1 992). After sacrifice, animals 
were kept on ice until typing results became available (24 hr). The 
skin from selected mice was removed, and primary keratinocytes were 
prepared as described by Hennings et al. (1980). Dermal fibroblasts 
from the same c-fos wild-type mice used to derive keratinocytes to be 
grafted were cultured separately for 1 week (Yuspa et al., 1976). Pri- 
mary keratinocytes were infected 3 days after plating at a multiplicity 
of 1 with a replication-defective variant of Ha-MSV devoid of helper 
virus and containing the v-H-ras gene (Roop et al., 1986). After 5 days, - 
keratinocytes and fibroblasts were combined and grafted. Wild-type 
fibroblasts were used for grafting keratinocytes of all three genotypes. 
Successful Ha-MSV infection and p21 H-Ras expression were moni- 
tored by analyzing total protein extracts of infected keratinocytes by 



Western blot and by immunohistochemistry on grafts, using an anti- 
body against p21 H-Ras (Transduction Laboratories). 

In Vivo Grafting 

Combined cell pellets were transplanted onto 8- to 12-week-old 
athymic nude mice as described by Strickland et al. (1993). The volume 
of tumors was measured on a weekly basis, starting 2 weeks after 
grafting. Mice were sacrificed after 6 weeks of observation, unless 
otherwise noted. 

Statistical Analysis 

Statistical work was performed by the Division of Biostatistics at the 
Dana-Farber Cancer Institute. The associations between c-/os geno- 
type and the incidence of epidermal tumors were analyzed with log 
linear models using GLIM (GLIM4, 1 992 Royal Statistical Society, Lon- 
don), evaluating the association both assuming and not assuming and 
ordering to the genotype (+/+ > +/- > -/-); p values of <0.05 were 
considered significant. 
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ABSTRACT o/as-induced growth factor/vascular endo- 
thelial growth factor D (Figf/Vegf-D) is a secreted factor of the 
VEGF family that binds to the vessel and lymphatic receptors 
VEGFR-2 and VEGFR-3. Here we report that Figf/Vegf-D is 
a potent angiogenic factor in rabbit cornea in vivo in a 
dose-dependent manner. In vitro Figf/Vegf-D induces tyrosine 
phosphorylation of VEGFR-2 and VEGFR-3 in primary hu- 
man umbilical cord vein endothelial cells (HUVECs) and in an 
immortal cell line derived from Kaposi's sarcoma lesion 
(KS-IMM). The treatment of HUVECs with Figf/Vegf-D 
induces dose-dependent cell growth. Figf/VEGF-D also in- 
duces HUVEC elongation and branching to form an extensive 
network of capillary-like cords in three-dimensional matrix. 
In KS-IMM cells Figf/Vegf-D treatment results in dose- 
dependent mitogenic and motogenic activities. Taken together 
with the previous observations that Figf/Vegf-D expression is 
under the control of the nuclear oncogene c-fos, our data 
uncover a link between a nuclear oncogene and angiogenesis, 
suggesting that Figf/Vegf-D may play a critical role in tumor 
cell growth and invasion. 



During development and in the vascularization of tumors 
inductive signaling leads to the formation of capillaries 
throughout the new-forming tissues (1, 2). Inhibitors who 
regulate proliferation, migration, differentiation of endothe- 
lial cells, degradation of the extracellular matrix, and tube 
formation finely tune this complex process, known as angio- 
genesis (3-5). The prototype of angiogenic factors is repre- 
sented by vascular endothelial growth factor (VEGF) A, also 
known as vascular permeability factor. VEGF- A induces en- 
dothelial cell differentiation and is essential for embryonic 
vessel development (4, 6, 7). It belongs to a multigene family 
of angiogenic factors in which several new members were 
discovered recently. It generally is thought that each member 
of this family plays a specific role in the angiogenic process (2). 
In addition to VEGF-A, this family includes the placental 
growth factor (P1GF), VEGF-B/VRF, VEGF-C/VRP, c-fos- 
induced growth factor (Figf)/VEGF-D, and VEGF-E (8-18). 
All of these factors show a conserved cysteine-rich domain 
characteristic of the family. Differences in the patterns of 
expression suggest a specific role for at least some of the factors 
in the vascularization of different tissues. Plgf is expressed 
mostly in the placenta, whereas VEGF-B is prevalent in 
skeletal and cardiac muscle tissues (12, 19). These two factors 
can form heterodimers with VEGF-A adding an additional 
level of specificity (12, 20). Interestingly, VEGF-C is involved 
in both blood and lymphatic vessel growth (21, 22). 
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Figf/Vegf-D initially was identified by using a differential 
screening strategy aimed at the identification of new c-fos- 
responsive genes in mouse fibroblasts and therefore named 
c-/os-induced growth factor (15). Its human orthologue shares 
84% identity and was named VEGF-D because it encodes for 
a secreted protein whose primary sequence is most similar to 
VEGF-C (16, 23-25). Both VEGF-C and VEGF-D are rec- 
ognized by VEGF receptors (VEGFR)-2 and -3, which are 
present on endothelial cells (14, 23). In mouse embryos 
Figf/Vegf-D is expressed in several organs, including limb buds, 
teeth, heart, and pituitary as well as lung and kidney mesen- 
chyme, liver, derma, and periosteum of the vertebral column 
that partially overlaps Vegf-C expression (26, 27). In cultured 
fibroblasts Figf/Vegf-D regulation differs from VEGF-C. 
Whereas the expression of Figf/Vegf-D depends on c-fos (15), 
VEGF-C is induced by serum, tumor promoter phorbol my- 
ristate 13-acetate, IL-1/3, and tumor necrosis factor a, and its 
expression is independent from c-fos (15, 28, 29). 

We produced a recombinant form of mature mouse Figf/ 
Vegf-D and analyzed its biological activity both in vivo and in 
vitro. Figf/Vegf-D, expressed in Chinese hamster ovary (CHO) 
cells or purified from yeast, is a potent angiogenic factor in 
rabbit cornea assays. In vitro it activates tyrosine phosphory- 
lation of VEGFR-2 and VEGFR-3 present on human umbil- 
ical cord vein endothelial cells (HUVECs) and on the Kaposi's 
sarcoma immortalized cell line (KS-IMM). In KS-IMM cells 
Figf/Vegf-D induces proliferation and chemotaxis. In HU- 
VECs Figf/Vegf-D induces growth and morphological 
changes within a three-dimensional matrix. 

MATERIALS AND METHODS 

Expression of Figf/Vegf-D. To express the mature factor in 
CHO cells, the Figf/Vegf-D cDNA with a segment coding for 
the FLAG octapeptide (IBI/Kodak) at C terminal was am- 
plified by PCR and inserted into the mammalian expression 
vector pcDNA3 (Invitrogen) under the control of the cyto- 
megalovirus promoter (construct LM357). CHO cells were 
transfected with LM357 by using calcium phosphate precipi- 
tation. Stable clones were selected in DMEM containing 10% 
FCS and 800 /xg/ml G418. To assay the presence of Figf/ 
Vegf-D in CHO supernatants, isolated clones were grown in 
DMEM containing 2% FCS and 800 /xg/ml G418 and analyzed 
by ELISA using anti-Figf/Vegf-D rabbit polyclonal antiserum 
(15). Supernatant from positive clones was precipitated with 
deoxycholate acid and analyzed by Western blot. Different 
CHO clones expressed different Figf/Vegf-D levels. Specifi- 



Abbreviations: Figf, c-/ay-induced growth factor; VEGF, vascular 
endothelial growth factor; VEGFR, VEGF receptor; HUVEC, human 
umbilical cord vein endothelial cell; KS-IMM, Kaposi's sarcoma- 
immortal; CHO, Chinese hamster ovary. 

^To whom reprint requests should be addressed. E-mail: oliviero® 
unisi.it. 



9671 



9672 Cell Biology: Marconcini et aL 

cally, clone 65 expressed less than 0.1 ng/ml of Figf/ Vegf-D in 
the cell supernatant in vitro whereas clone 79 expressed 
approximately 0.5 ng/ml of Figf/VEGF-D in the same con- 
ditions. 

To express Figf/ Vegf-D in yeast a cDNA fragment encoding 
the portion of the mouse Figf/Vegf-D polypeptide from 
residues 91 to 208 with six histidine residues at N terminus was 
amplified by PCR and inserted into the expression vector 
Yepsecl immediately downstream from DNA sequence en- 
coding the Kluyveromyces lactis toxin leader peptide (LM375) 
(30). The protein was expressed in Saccharomyces cerevisiae 
yeast strain by adding galactose to the yeast culture medium 
because Yepsecl construct contains a galactose upstream 
activation sequence and the 5' non translated leader of the 
yeast CYC1 gene, up to position -4 from the ATG translation 
initiation codon (30). Figf/Vegf-D glycosilation mutant was 
obtained by PCR with the substitution N160P (LM376). 
Figf/Vegf-D and Figf/Vegf-D N160P proteins were purified 
from the yeast supernatant by using a nickel column (HiTrap 
Chelating columns Pharmacia Biotech) under native condi- 
tions. 

In Vivo Angiogenic Assay. The angiogenic activity of Figf/ 
Vegf-D was assayed in vivo by using the rabbit cornea assay 
previously described (31). Corneal assays were performed in 
male New Zealand albino rabbits (Charles River, Calco, 
Lecco, Italy) in accordance with the guideline of the European 
Economic Community for Animal Care and Welfare (EEC 
Law No. 86/609). Briefly, after being anaesthetized with 
sodium pentotal (30 mg/Kg), a micro pocket (1.5 X 3 mm) was 
surgically produced by using a pliable iris spatula 1.5 mm wide 
in the lower half of the cornea. The cell suspension (from 2.5 
to 4 X 10 5 cells/5 ml) or slow-release pellets of Elvax-40 
(DuPont) containing the purified growth factor were im- 
planted into the micro pocket. Subsequently daily observation 
of the implants was made with a slit lamp stereomicroscope 
without anesthesia. An angiogenic response was scored posi- 
tive when budding of vessels from the limbal plexus occurred 
after 4 days and capillaries progressed to reach the implanted 
pellet according to the scheme previously reported (32). The 
potency of angiogenic activity was evaluated on the basis of the 
number and growth rate of newly formed capillaries, and an 
angiogenesis score was calculated as described (32). Corneas 
were removed at the end of the experiment as well as at defined 
intervals after surgery and/or treatment and fixed in formalin 
for histological examination. A minimum of four independent 
experiments was performed for each condition. 

Cell Cultures. Human endothelial cells were isolated from 
umbilical cord vein by collagenase treatment as described (33) 
and used at passage 1-4. KS-IMM cells were derived from a 
non-AIDS patient and are immortalized without signs of 
senescence after more than 120 in vitro passages. This cell line 
shares common markers and similar biological behavior with 
typical KS "spindle cells" (34). Cells were grown on gelatin- 
coated plastic, in medium M 199 supplemented with 20% 
heat-inactivated FCS, penicillin (100 units/ml), streptomycin 
(50 jLtg/ml), heparin (50 ^g/ml), and bovine brain extract (100 
jutg/ml) (Life Technologies, Milan, Italy). 

In Vitro Angiogenesis. Because Matrigel can induce spon- 
taneously in vitro angiogenesis, we tested more preparations 
and used batches devoid of this activity. Fifty microliters of 
Matrigel (Collaborative Research, lot 901448) (35) was added 
per well of 96-well tissue culture plates and allowed to gel at 
37°C for 10 min. HU VECs were starved for 24 h in M199 with 
1% FCS before being harvested in PBS-EDTA. Cells (10 4 ) 
were gently added to each of triplicate wells and allowed to 
adhere to the gel coating for 30 min at 37°C. Then, medium was 
replaced with indicated concentrations of Figf/Vegf-D. The 
plates were monitored after 24 h and photographed with a 
Canon microscope. Each experiment was repeated at least 
three times with identical results. 
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Immunoprecipitation and Western Blotting. Subconfluent 
cultures were starved as above and then cells were stimulated 
with the indicated concentrations of Figf/ Vegf-D for 10 min at 
room temperature. Positive control was done by incubating 
cells with sodium orthovanadate (0.1 mM H2O2, 1 mrvl 
Na 3 OV 4 ) for 20 min at 37°C. After three washes with cold PBS 
containing 1 mM sodium orthovanadate, cells were lysed for 20 
min on ice in 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM 
Ne 3 V0 4 , 1 mM PMSF, 0.1 mM ZnCl 2 , 1% Triton. Lysates (1 
mg of total proteins) were incubated at 4°C for 2 h with 100 
of a 50% solution of protein A-Sepharose (Amersham- 
Pharmacia Biotech) in 50 mM Tris-HCl (pH 7.4), 150 mM 
NaCl, and anti-VEGFR-2 (Santa Cruz Biotechnology, sc-504) 
or anti-VEGFR-3 (Santa Cruz Biotechnology, sc-321). Immu- 
noprecipitates were washed four times with lysis buffer and 
analyzed by 8% SDS/PAGE. Proteins were transferred onto a 
nylon membrane [poly(vinylidene difluoride), Millipore] and 
analyzed by immunoblotting with antiphosphotyrosine mAb 
(Upstate Biotechnology, Lake Placid, NY). Staining was per- 
formed by a chemiluminescence assay (ECL, Amersham- 
Pharmacia Biotech). 

Cell Growth Assay. HU VECs (2.5 X 10 3 ) or KS-IMM cells 
were plated in 96-well plates (Costar) coated with gelatin 
(Difco; 0.05%, for 1 h at 22°C) in M199 medium containing 
20% FCS (Irvine Scientific). After 24 h the medium was 
removed and replaced with M199 containing 1% FCS with or 
without Figf/Vegf-D; fresh factor was added every 2 days. 
Endothelial cell numbers were estimated after staining 
with crystal violet by a colorimetric assay described by Keung 
et aL (36). 

Chemotaxis Assay. Chemotaxis assays on HUVECs and 
KS-IMM were performed as described (33, 37) with the 
Boyden chamber technique using a 48-well micro chemotaxis 
chamber. Polyvinylpyrrolidone-free polycarbonate filters 
(Nucleopore, Corning-Costar) with a pore size of 5 /xm were 
coated with 1% gelatin for 10 min at room temperature and 
equilibrated in M199 supplemented with 1% FCS. Indicated 
concentrations of purified Figf/Vegf-D were placed in the 
lower compartment of a Boyden chamber. Subconfluent cul- 
tures were starved as above, harvested in PBS (pH 7.4) with 10 
mM EDTA, washed once in PBS, and resuspended in M199 
containing 1% FCS, at a final concentration of 2.5 x 10 6 
cells/ml. After placing the filter between the lower and upper 
chambers, 50 /ud of the cell suspension was seeded in the upper 
compartment. Cells were allowed to migrate for 7 h at 37°C in 
a humidified atmosphere with 5% C0 2 . The filter then was 
removed, and cells on the upper side were scraped with a 
rubber policeman. Migrated cells were fixed in methanol, 
stained with Giemsa solution (Diff-Quick, Baxter Diagnostics, 
Rome) and counted from five random high-power fields 
(magnification X100) in each well. Each experimental point 
was studied in triplicate. 

RESULTS 

Induction of Angiogenesis in Vivo. Mature VEGF-C and 
Figf/VEGF-D factors are generated by proteolytic cleavages 
of both of the N- and C-terminal domains during secretion (15, 
23, 38). To obtain recombinant mature Figf/Vegf-D we gen- 
erated CHO clones by stable transfection of constructs con- 
taining the mouse Figf/Vegf-D cDNA truncated at the C- 
terminal proteolytic site (38). To assess in vivo the angiogenic 
activity of increasing concentrations of the recombinant pro- 
tein administered to avascular tissue two clones expressing 
different levels of secreted Figf/Vegf-D were selected for 
implantation into rabbit corneas. These clones secrete in the 
culture medium Figf/Vegf-D in two main forms of molecular 
mass of 30 and 21 kDa, respectively (Fig. L4). Both clone 65 
and clone 79 induced corneal vascularization whereas the 
CHO mock transfectant clone did not show any angiogenic 
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Fig. 1. Implanted Figf/Vegf-D -expressing cells induce neovascularization in rabbit corneas. (A) Figf/Vegf-D expressed in CHO cells. Equal 
volumes of culture supernatants from clones 65 and 79 were precipitated and analyzed by Western blot using an anti-Figf/Vegf-D rabbit polyclonal 
antiserum. (B) CHO cells (4 X 10 4 ) expressing Figf/Vegf-D were surgically implanted into the corneas. New blood vessel growth was recorded 
every other day with a slit lamp stereomicroscope. Angiogenic scores were calculated on the basis of the number of vessels and their growth rate 
and plotted versus time (for experimental details see Materials and Methods), Angiogenic score data are the mean values obtained from the response 
scored in all animals in this study. C, CHO mock transfectant clone; #65, clone expressing low levels of Figf/Vegf-D (0.1 ng/ml protein in 
supernatant); #79 clone expressing higher levels of Figf/Vegf-D (approximately 0.5 ng/ml protein in supernatant). (C) Pictures of rabbit corneas 
from a representative experiment, (a) Corneal implant of CHO mock transfectant. Clone 79 promotes and sustains vascular growth over time at 
day 6 (b), 9 (c), and 14 (d). Corneas were photographed with a stereomicroscope. Magnification: X18. 



effect (Fig. IB). Although a direct dose response could not be 
made in this assay, the efficiency of the angiogenic response 
correlated with the amount of growth factor released in vitro 
as clone 79 secreted about 5-fold more Figf/Vegf-D than clone 
65 in the same conditions (Fig. 1^4). Consistently, neovascular 
growth induced by clone 79 was more efficient and persisted 
in 100% of the implants whereas clone 65 did so in only 30% 
of corneas (Fig. IB). This angiogenic activity also was sug- 
gested by the direct correlation between neovascular growth 
observed and the number of cells implanted into corneal micro 
pocket (data not shown). The angiogenic response obtained 
with clone 79 (Fig. 1C) was comparable to the one elicited with 
cells expressing VEGF-Am (39) both in intensity and appear- 
ance. 

To obtain larger amounts of pure Figf/Vegf-D it also was 
expressed in yeast S. cerevisiae. To obtain a secreted Figf/ 
Vegf-D form in yeast supernatants the cDNA fragment en- 
coding the portion of the mouse Figf/Vegf-D polypeptide 
from residues 91 to 208 plus a segment coding for six histidine 
residues at the N terminus was cloned in a yeast vector 
containing a secretion signal. This recombinant protein ex- 
pressed in yeast was secreted into the culture medium (Fig. 
7A). By contrast with the other members of the VEGF family, 
VEGF-C and Figf/Vegf-D contain two putative glycosylation 
sites in the mature protein. Secreted Figf/Vegf-D is glycosi- 
lated at asparagine-160 residue in both mammalian and yeast 
cells (data not shown). To test the activity of both the 
glycosylated and unglycosylated forms we also generated a 
Figf/Vegf-D mutant in which the glycosylation site was mu- 
tated by the introduction of a proline residue at position 160, 
which is present in all other known VEGF family members. 
Consistent with N-linked glycosylation, the wild-type protein 
shows about 2-kDa molecular mass increase with respect to the 



mutant Figf/Vegf-D N160P (Fig. 2A) and it is sensitive to 
endoglycosidase H (not shown). 

Figf/Vegf-D purified to homogeneity was analyzed in the 
corneal micro pocket assay in vivo. Similar to the results 
obtained with implanted CHO cells, purified Figf/Vegf-D 
induced a strong angiogenic response. After the implant of a 
single dose of protein in the slow-release pellets all Figf/ 
Vegf-D doses of 100-400 ng/pellet induced capillary growth 
after just 3 days. However, a clear effect of increasing Figf/ 
Vegf-D concentration was evident at later time points (Fig. 
2B). The Figf/Vegf-D N160P mutant showed less potent 
angiogenic activity with respect to the wild-type protein (Fig. 
2C), suggesting that Figf/Vegf-D glycosylation is involved in 
receptor recognition. In this assay, recombinant Figf/Vegf-D 
showed intermediate activity when compared with VEGF-A121 
and VEGF-A165 (Fig. 2D) when used at doses of 300-400 ng. 
Corneal angiogenesis induced by either Figf/Vegf-D or 
VEGF-A was noninflammatory (not shown). 

Figf/Vegf-D Induces in Vitro Angiogenesis. Studying endo- 
thelial cell behavior in a three-dimensional culture system, 
consisting of extra cellular matrix proteins, allows for in vitro 
conditions that more closely mimic the in vivo environment 
permissive for cell differentiation into capillary-like structures. 
This assay system is called in vitro angiogenesis (40). To 
examine whether Figf/Vegf-D induces in vitro morphological 
changes resembling of capillary like-structure formation, en- 
dothelial cells were plated on a three-dimensional matrix of 
Matrigel (41) and then stimulated with increasing concentra- 
tions of Figf/Vegf-D. Endothelial cells grown under these 
conditions in the presence of 1% BSA exhibited a small round 
shape and did not spread. Treatment with Figf/Vegf-D for 24 h 
resulted in dramatic dose-dependent morphological changes. 
The cells became elongated, forming thin cords of intercon- 
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Fig. 2. Figf/Vegf-D sustains dose-dependent angiogenesis in vivo. (A) Supernatant of 5. cerevisiae yeast strains expressing Figf/Vegf-D and 
Figf/Vegf-D mutant as indicated. (B) The angiogenic activity of various concentrations of Figf/Vegf-D were tested as slow-release preparations 
in the rabbit cornea assay. (C) Angiogenic activity of 200 and 400 ng/pellet of Figf/Vegf-D N160P. (D) Angiogenic activity of 200 ng/pellet of 
VEGF-A121 and VEGF-A165 is shown for comparison. Angiogenic score data are the mean values obtained from the responses scored in all animals 
in this study. Variations were below 10% of the mean values. Angiogenic scores are calculated as described in Fig. 1 and in Materials and Methods. 



necting cells (Fig. 3). The effect was investigated in a range of 
concentrations between 5 and 200 ng/ml and was maximal at 
100 ng/ml. Similar effects also were observed with 20 ng/ml 
VEGF-A. These data demonstrate that Figf/Vegf-D, like 
VEGF-A, is able to mediate dramatic cell reorganization, 
which would be necessary in vivo for the sprouting of endo- 
thelial cells and tube formation. No morphological alterations 
could be observed in KS-IMM cells, either by treating the cells 
with VEGF-A or with Figf/Vegf-D (not shown). 

Figf/Vegf-D Induction of VEGFR-2 and VEGFR-3 Tyrosine 
Phosphorylation. It has been reported recently that VEGF-D 
and VEGF-C are the ligands of the endothelial tyrosine kinase 
receptors VEGFR-2 and VEGFR-3 (14, 23). To examine the 



cellular response of endothelial cells to Figf/Vegf-D in vitro, 
we first tested whether Figf/Vegf-D could stimulate signal 
transduction from VEGFR-2 and VEGFR-3 in HUVECs and 
KS-IMM cells because these cells express both receptors. 
Tyrosine phosphorylation of these receptors was assayed in 
serum-starved cells treated with Figf/Vegf-D. VEGFR-2 and 
VEGFR-3 were immunoprecipitated with specific antibodies 
and analyzed by Western blotting with antiphosphotyrosine- 
specific antibodies. Figf/Vegf-D stimulated tyrosine phos- 
phorylation of the 210-kDa VEGFR-2 and both the 125- and 
195-kDa processed and unprocessed forms of VEGFR-3 in 
both HUVECs and KS-IMM cells (Fig. 4). Thus, Figf/Vegf-D, 
like VEGF-C, binds and activates these receptors on endo- 
thelial cells. 
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Fig. 3. Figf/Vegf-D-induced endothelial cell morphological 
changes. VEGF-A or Figf/Vegf-D were added to HUVECs cultured 
in three-dimensional Matrigel in low serum conditions. Photographs 
were taken 24 h after Figf/Vegf-D treatment. Protein concentrations 
(ng/ml) used are indicated. 
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Fig. 4. Figf/Vegf-D-induced tyrosine phosphorylation of 
VEGFR-2 and VEGFR-3. HUVECs and KS-IMM cells were incu- 
bated with Figf/Vegf-D. After stimulation receptors were immuno- 
precipitated with antireceptor antibodies and analyzed by Western 
blotting with an antiphosphotyrosine mAb. (A and B) Phosphorylation 
of VEGFR-2 and VEGFR-3 in HUVECs. (C and D) PhosphorylaUon 
of VEGFR-2 and VEGFR-3 in KS-IMM cells. Positive control (+) and 
Figf/Vegf-D stimulation (D) is indicated. Arrows denote the position 
of the phosphorylated 210-kDa VEGFR-2 protein and the positions of 
the phosphorylated, proteolytically processed 125-kDa and unproc- 
essed 195-kDa forms of VEGFR-3. 
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Figf/Vegf-D Induction of Growth and Cheraotaxis in 
HUVECs and KS-IMM Cells. To investigate further the 
proliferative effect of Figf/VEGF-D on endothelial cells, we 
incubated both the cultured HUVECs and KS-IMM cells in 
the presence of increasing concentrations of Figf/Vegf-D. 
Proliferation of both cell types was stimulated in a dose- 
dependent manner (Fig. 5 A and B). The effect was investi- 
gated in a range of concentrations between 5 and 100 ng/ml 
and was maximal at 50 ng/ml for both cell types. Interestingly, 
when suboptimal concentrations of VEGF-Ai 65 and Figf/ 
Vegf-D were coadded to HUVECs the resulting proliferation 
was higher than the treatment of each alone (not shown). 

The chemotactic effect of Figf/Vegf-D on HUVECs and 
KS-IMM cells was analyzed in a modified Boyden chamber 
assay. The migration of the cells through collagen-coated 
micropore filters toward chemoattractants was scored in the 
absence of serum. Figf/Vegf-D stimulated the migration of 
KS-IMM cells in a dose-dependent manner. In HUVECs, 
under identical conditions Figf/Vegf-D induced little or no 
migration (Fig. 5 C and D). 

DISCUSSION 

The results reported in this work show that Figf/Vegf-D is a 
potent angiogenic factor. In rabbit corneas Figf/Vegf-D, ex- 
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Fig. 5. Figf/Vegf-D-induced cell proliferation and chemotactic 
activity. (A and B) Proliferative effects of Figf/Vegf-D were assayed 
on HUVECs and KS-IMM cells as indicated. Experiments were 
performed in medium containing 1% FCS. After 72 h cells were 
enumerated by using a Coulter counter and values represent the mean 
(±SEM) of triplicate samples. (C and D) Cells were seeded in the 
upper wells of a 48-well micro chemotaxis Boyden chamber and 
incubated for 7 h at 37°C in medium containing 1% FCS. The lower 
wells contained the indicated concentrations of Figf/VEGF-D. Cells 
migrating through a polycarbonate membrane with a pore size of 5 pim 
were quantified by staining the cells with Giemsa solution and 
counting was performed on a light microscope of five high-power fields 
(X100). The results are expressed as the mean ± 1 SD of. three 
independent experiments performed in triplicate. 



pressed either in CHO or yeast cells, can efficiently induce 
ahgiogenesis. The dose dependency and the early response 
suggest a direct effect of Figf/Vegf-D on endothelial cell 
recruitment in vivo. This observation has been confirmed by in 
vitro experiments that show direct Figf/Vegf-D activities on 
endothelial cells. In addition to Figf/Vegf-D, other factors, 
including VEGF-A, basic fibroblast growth factor, placental 
growth factor, VEGF-C, and VEGF-E induce angiogenesis, 
suggesting a redundancy or a coordination among factors 
performing the same function (2, 10, 42, 43). The generation 
of VEGF-A knockout mice demonstrated that this factor is 
essential for angiogenesis during development (6, 7). Thus, 
simple redundancy of all members of the family is unlikely. We 
favor the hypothesis that the complex process of angiogenesis 
normally requires the cooperation of multiple factors and the 
experimental overexpression of some key members is able to 
trigger the process both directly and indirectly, inducing the 
expression of other factors. Each of these factors shows a 
peculiar pattern of expression, suggesting that a complex 
balance of factors in different developing organs may be 
relevant. Moreover, the biological function of VEGFs may not 
be limited to angiogenesis. For instance, fibroblast growth 
factors not only induce angiogenesis, but are also regulators of 
embryonic development, influencing the formation of several 
structures including body axis, limbs, heart, and lung differ- 
entiation (44-47). Similarly, the expression of Figf/Vegf-D in 
tissues like the pituitary, the developing teeth, lung mesen- 
chyme, and limb buds (26) suggests that Figf/Vegf-D, in 
addition to playing a role in angiogenesis, could be involved in 
specific inductive signaling in these developing organs. 

Figf/Vegf-D and VEGF-C share striking similarities in their 
primary sequence and posttranslational modifications, and 
most importantly, both factors are recognized by VEGFR-2 
and VEGFR-3 present on vascular and lymphatic vessels (14, 
23). By using porcine aortic endothelial cells selectively over- 
expressing VEGFR-2 or VEGFR-3, it was shown recently that 
VEGF-C could promote migration and proliferation indepen- 
dently of signaling through either receptor (21). In this study 
for the analysis of Figf/Vegf-D activity in vitro we used 
HUVECs and KS-IMM cells, which express both receptors. By 
immunoprecipitation experiments we showed that Figf/ 
Vegf-D activates both VEGFR-2 and VEGFR-3 tyrosine 
phosphorylation on both HUVECs and KS-IMM cells. The 
activation of these receptors by Figf/Vegf-D stimulates a 
biological response that involves morphological, mitogenic, 
and motogenic responses. Thus, Figf/Vegf-D shows a direct 
activity on endothelial cells in vitro, confirming the in vivo data. 
Although both HUVECs and KS-IMM cells show a similar 
mitogenic response to Figf/Vegf-D they differ in motogenic 
responses because KS-IMM cells are more responsive than 
HUVECs to motogenic activation by Figf/Vegf-D. This dis- 
crepancy could be simply because of differences in the receptor 
levels or in intracellular signaling molecules, but it also could 
be the result of the presence of possible coreceptors that may 
modify the receptor affinity and modulate the response to 
Figf/Vegf-D. In line with this possibility, it recently has been 
shown in human endothelial cells that neuropilin-1 (48) and 
ov/33 modulate the activity of VEGFR-2. Neuropilil-l is a 
coreceptor for the VEGF-Ai 65 isoform and the avj33 integrin 
associates with VEGFR-1 upon VEGF-A stimulation and 
regulates the level of tyrosine phosphorylation of the recep- 
tor (49). 

Figf/Vegf-D differs from all other members of the VEGF 
family because it is the only angiogenic factor regulated by the 
nuclear oncogene c-fos (15). This unique regulation of Figf/ 
Vegf-D may be relevant both during development and in tumor 
progression because c-fos is involved not only in transforma- 
tion but also in the regulation of cell growth and differentiation 
of various tissues (50, 51). Tumors that develop in c-fos- 
deficient mice appear devoid of vascularization although, in 
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these papillomas, VEGF-A expression is reduced but not 
absent (52). The role of Figf/Vegf-D in tumor progression is 
at the moment unclear, although the evidence that Figf/ 
Vegf-D shows angiogenic activity on endothelial cells, as well 
as mitogenic and motogenic activity on tumor-derived KS- 
IMM cells, strongly suggest that Figf/Vegf-D can be a c-fos 
effector for tumor malignancy. 
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indicate the onset of cancer and/o an?;™ PR ° 444) m a sub J ect would more likely 
polypeptide Likew se a tl Za ° r J^ 10 ^ 515 as °PP°*ed to a subject who lacked this 

compounds ca^of sSmll^ 8 ?" W ° ^ COndude that neutralizing 

usefu, in preventing «- b^ 

IV1 ^^pl^^^^ alle f, d ^ ^ reSp - » the Positive 
attribute the induction of c fos exnrl! " ^ 93 ' ° n6 SkiUed in the art would not 
reaction b^S^^^S^^ EKf * [PR ° 444] " & logical 
Assay 93 included both nositiw 1„h J' ( ,0n ' page 3) " 0n the cont rai"y, 

and buffer respectively ThTuse of thfi DME + 5% serum +/ " ™* 

attributed to th'e .p^^^^S^ ^ Tf* ^ 

factor or stimulus Accordinoiv a Tn T • " PR ° 444 )> as opposed to some other 
" c-fos ^ ^ attributed the 

lankLcht efr ctllZlTl'^ M 

33, pp. 287-297 (1998) to ™ .h? J ( , i a ° d K ° Vacs ' N ™™chem Int. vol. 
line of cellular rZ^ZV^TnZT ^ indUCti ° n ' S 3 " no "-specific first 
important to note that none of the J^ ac ^rdingly lacks sufficient utility. It is 

ote mat none of these three articles discuss whether c-fos induction in 
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Accordingly the teachings of tW 1* L V ° S ex P res sion in brain cells 
appl.cab.e ,o pericytes, £ s^S^VS^ g^" 0 " *" n °' ™"* 

^ 6 c! f ri: P ;^ w ere for their 

known cytokines (e o- InLleukin 7 ^ 6Sted com P°«nds included many 

vascular en^K^'feS 0 ^"^ 8 faCt ° r ' interfe ™)> ^owth factors 
factor), chemokines, au lids" g tSSheSS ^ 6pidermal * rowth 

hormone) and polypeptides of unknow tnc ion' S^S;^ 8lUCag ° nS ' 
assayed, only 48 tested positive for inZrW , ? 6 dlfferent sa mples that were 

the 48 samples testing ffZ^* TfT, in Perkyte CeIls - Several of 
few of the tested compound T^^^^ 1 ^ ° Uhe Same compound. As very 
concluded from these results Ztlestil^ r ? eXpression > * can be reasonably 
response. *** st, ™ latl °n of c-fos m pericytes is not a generalized 

'tatn^^^ are true and that all 

statements were made ™hT™2lZVttmM ?, bC ^ ^ * at theSe 

made are punishable by fine nr ll ? [ lse stateme ™s and the like so 

under § 1001 of Title lL he mte J^*™«t. or both, 

may jeopardize the validity of the^S o^^^^ ~ 
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CURRICULUM VITAE 
Mary E. Gerritsen, Ph.D. 



Residence 

Address: 541 Parrott Drive 



San Mateo Ca 94402 
Home phone 650 348 6492 
meg570@comcast.net 



Education: 



1 975 Bachelor of Science 

University of Calgary 
Calgary, Alberta Canada 
. Summa Cum Laude (Zoology) 

1 978 Doctor of Philosophy, Endocrinology/Pharmacology. 

University of Calgary, Faculty of Medicine. 
Calgary, Alberta Canada. 

Postdoctoral Training: 

1978-1 980 Research Pharmacologist, Department of Pharmacology, 

University of California, San Diego. 
Academic Appointments: 

Department of Physiology, New York Medical College 

1980-1986 Assistant Professor of Physiology 

1986-1989 Associate Professor of Physiology. 

1 986 Associate Professor of Physiology with Tenure 

1990-1996 Adjunct Associate Professor 

Pharmaceutical Industry Appointments: 

Miles Pharmaceuticals (Renamed Bayer Corporation, April 1995) 

1990-1995 Senior Staff Scientis t; Institute for Inflammation and Autoimmunity 

■ Led screening efforts for small molecule inhibitors of leukocyte 
adhesion inhibitors 
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■ Identified flavonoids as potent inhibitors of cytokine induced gene 
expression 

■ Identified first synthetic inhibitors of 1KB kinase, BAY 1 1 -7082 
and 11-7085. 

1 990- 1 992 Group Leader , Leukocyte Immigration. 

• Coordinated screening efforts on MMP inhibitors for rheumatoid 
arthritis. Clinical candidate identified and developed for cancer 
metastasis 

• Championed screen development for p38 MAP kinase. Program 
initiated and potent compounds identified 

• Supervised group of four laboratories, (5 Ph.D.s and 9 Ras) 

• Initiated reporter gene and transcription factor screens for 
inflammation targets 

• Identified potent IC AM- 1 blocking antibody 

• Coordinated development of lipid mediator program. Developed 
screens for cyclooxygenase I and II inhibitors 

• Worked with multidisciplinary teams including chemistry, 
pharmacokinetics, metabolism, formulation and pre-clinical 
development on inflammation projects-MMP inhibitors, p38 MAP 
kinase inhibitors, cytokine inhibitors, leukocyte adhesion 
inhibitors, cyclooxygenase inhibitors 

• Evaluated in-licensing opportunities for small molecules in 
inflammation, osteoarthritis and osteoporosis 

1992- 1996 Arbeitskreis Moderator (Similar to Associate Director), Inflammation 

Research 

• Coordination of all research discovery programs in Inflammation 
involving both internal and external research groups 

• Supervised Six Arthritis Laboratories (8 Ph.d.s, 16-20 RAs) 

• Presentation of research progress at quarterly in house meetings 
and at annual Bayer- wide meeting (held in Germany). Evaluation 
of other programs 

• Evaluation of various in-licensing opportunities 

• Wrote NDA for ketoprofen analog in-licensed by Bayer 

• Recruited and built interdisciplinary group in Rheumatoid Arthritis 
and Chronic Inflammatory Disease 

• Researched and wrote strategic plan and competitive assessment 

1993- 1997 Principal Staff Scientist Inflammation Research 

• Continued to support screening programs for NF-kB inhibitors 

• Developed external collaborations with Vascular Research 
Division at Brigham and Womens Hospital-laboratories of Drs. 
Francis W. Luscinskas, Michael Gimbrone and Tucker Collins. 
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• Identified and mapped interaction of the coactivators CBP/p300 
with NF-kB 

• Led target validation team for Ceramide/Sphingomyelinase in 
Osteoarthritis 



Genentech Inc. 

1997- 2001 Senior Scientist Department of Cardiovascular Research 

• Initiated the development of an angiogenesis target discovery 
program using Curagen™ technology and Affymetrix 
oligonucleotide arrays 

• Coordinated the screening efforts of multiple groups working on 
various aspects of vascular biology for SPDI (Secreted Protein 
Discovery Initiative) 

• Evaluated various in-licensing opportunities for Cardiovascular 
Research, Oncology and Immunology 

• Coordinated external collaboration with Dr. Alexander Clowes, 
University of Washington on EGF receptors and restenosis 

• Served on preclinical development committee for VEGF- 
Therapeutic angiogenesis 

• Served on Clinical Development committee for CD 18 monoclonal 
antibody 

• Identified critical roles for PECAM and VE-Cadherin in 
endothelial differentiation into tube-like structures 

• Identified PPARy ligands as potent inhibitors of growth factor 
induced angiogenesis 

• Identified critical role of hepatocyte growth factor in endothelial 
differentiation in vitro and angiogenesis in vivo 

• Demonstrated that KDR (VEGF receptor) plays essential role in 
endothelial cell differentiation into tube like structures 

• Identified over 100 novel targets for either promotion or inhibition 
of angiogenesis 

• Identified stanniocalcin as a novel angiogenic modulator 

• Used affymetrix oligonucleotide arrays to identify critical 
angiogenesis progression factors in renal cell carcinoma 

• Identified critical roles for matrix metalloproteinases and c-src in 
capillary lumen formation 

• Identified a novel peptide fragment that may be a key player in 
inflammation and angiogenesis. 



2000 1 Acting Director . Department of Cardiovascular Research 



3 



• Coordinated all department efforts in research discovery and 
preclinical development 

• Continued to coordinate angiogenesis target discovery initiative. 
Discovered several novel molecules with key roles in endothelial 
differentiation in vitro, angiogenesis in vivo, and regulators of 
vascular permeability 

• Evaluated various in-licensing opportunities 

• Worked on Theraupeutic Area Focus committee to define new 
directions for Cardiovascular Research 

• Initiated a Cardiovascular Research Seminar series to bring in 
outside speakers on a biweekly basis. Coordinated collaborations 
that resulted from this initiative 

• Head, Cardiovascular Recruitment committee. Organized 
successful search for Senior Scientist level positions. 

2000-2001 Associate Director , Department of Cardiovascular Research, Genentech 

• Researched and developed strategic plan for Department with 
Director 

• Coordinated projects with internal and external research groups 

• Provided scientific support to clinical and marketing groups 

• Continued projects initiated above 

2002-2003 Senior Director , Departments of Vascular Biology and Functional 
Genomics 

Millennium Pharmaceuticals, Inc. South San Francisco CA 

• Served as project leader on three small molecular discovery 
programs at different stages-hit to lead, late development, high 
throughput screening 

• Supervised vascular biology staff (four senior scientists, two post- 
doctoral fellows, 6 research associates, associate scientists and 
research investigators) 

• Supervised histology core facility (one scientist and one research 
associate) 

• Supervised functional genomics group at South San Francisco (two 
scientists at MSF), helped to coordinate activities with Millennium 
Cambridge facility. 

• Developed strategic plan for vascular biology effort at Millennium 

• Initiated large scale genomic screening program for targets in 
atherosclerosis, aortic aneursym, and diabetic vascular disease as 
well as lung and renal fibrosis 
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• Initiated collaborations with over 10 academic laboratories in 
animal model development, human and primate disease models 

• Served on pharmacology working group committee to oversee 
small molecule evaluation in vivo models 

• Presented status updates to senior management at Scientific 
Review Committee meetings on a quarterly basis 

• Coordinated MSF efforts in Bayer collaboration-Qualified Target 
initiative 

• Developed and characterized animal models for drug screening 
programs. 

• Worked on a biomarker initiative for each of our screening 
programs combining genomic analysis and mechanism of action 
studies. 



2004-present Senior Director, Molecular Pharmacology. Exelixis South San 
Francisco, CA 

• Supervise 4 associate directors (total group of 30) 

• Direct all cell-based screens and pharmacodynamic studies to 
support projects in oncology, metabolic disease and inflammation 

• Evaluate lead validation and lead optimization programs 

• Establish outsourced pharmacology studies to support internal 
programs 

• Identify new molecular targets for New Lead Discovery high 
through put screens 

Projects and Research Areas of Expertise: 

Eicosanoid Metabolism and Physiology 

Adhesion Molecules 

Mechanism of Drug Action 

Matrix Metalloproteinases 

Cell Based and Molecular Screening 

Transcription Factors, Promoter Analysis 

Endothelial Cell Biology, General Cell Biology 

Vascular Biology 

Microcirculation 

Angiogenesis 

Gene Expression Profiling using Differential Display, Affymetrix Arrays 
Rosetta Resolver Software for microarray analysis 
Functional Genomics 

Rheumatoid Arthritis, Chronic Inflammatory Diseases 
Atherosclerosis 

Coronary, Peripheral and Cerebral Cardiovascular Disease 
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Macular Degeneration 

Diabetic retinopathy 

Models of fibrosis (lung, renal, liver) 

Cell based screening for oncology, metabolism and inflammation 

Awards and Honors: 

Province of Alberta Graduate Scholar 1976 

Medical Research Council Studentship 1976-1978 

Isaac Walton Killam Scholar and Merit Award 1977,1978 

Medical Research Council Fellow 1978-1980 

Alexander and Alexandrine Sinsheimer Scholar 1981, 1982 

Pharmacia Young Investigator Award, Microcirculatory Society 1983 

Mary Weideman Award, Microcirculatory Society 1984 

NIH Research Career Development Award 1987-1992 

Miles Science Award 1992 

Kurt Weiderhelm Award, Microcirculatory Society 1998 

Award named after me (Gerritsen Award), awarded annually by the Microcirculatory Society 

Major Committee Assignments 
National and Regional: 



1985- Ad hoc Grant Reviewer/Site Visitor: Experimental Cardiovascular 

Sciences Study Section (NIH) 

1 986- Ad hoc reviewer VA Intramural Research Program 

1987- Ad hoc reviewer Medical Research Council of Canada, Canadian Heart 

Foundation, New York State Heart Association 

1992-2001 Member, NIH Pathology A Study Section 

1989-1 992 Council, Microcirculatory Society 

1991 Nominations Committee, Microcirculatory Society 

1992 Chairperson, Publications Committee, Microcirculatory Society 

1 992 Liason Committee, American Physiology Society 

1 993 Steering Committee, North American Vascular Biology Organization 
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Convenor, Blood Vessel Club, Anaheim CA 

1994 Councillor, North American Vascular Biology Organization 

1995 International Advisory Committee, 2nd Asian Microcirculation Meeting, 

1996- Co-Chairman, Keystone Symposia on Oxidant Stress, From Molecules 

to Man, Santa Fe NM 

1997,1998,2001 Program Committee, Vascular Biology '98 and Vascular Biology c 99, 

ATVB meeting 2001 

2000 Vascular Biology Study Section, American Heart Association 

President, North American Vascular Biology Organization 
Development Committee, North American Vascular Biology Organization 
International Advisory Committee , World Congress of Microcirculation 

2001 Coorganizer, with Richard Hynes and Denisa Wagner of Keystone 

Conference on Angiogenesis and Chronic Disease 

2001 NIH Program Project Site Visit Team, National Cancer Institute 

2001 NIH Stroke Progress Review Group 

2001 External Scientific Advisory Committee, Institute for Medicine and 

Engineering, University of Pennsylvania 



2002 Organized Career Symposium "Women in Industry" at the Exp. Biol. 

2003 -present Development Committee Chair, North American Vascular Biology 

Organization 

New York Medical College: 

1 980-1 989 Member, Graduate Faculty (elected) 

1980-1985 Student Life Committee 

1980-1989 Safety Committee 

1980-1990 Member, Search Committees for Chairmen, Departments of Cardi 

1987-1989 Tenure and Promotions Committee 
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Bayer Corporation: 



1992 



1993- 



Co-Chairman, Bayer International Adhesion Meeting, Cologne Germany 
Diversity Committee 



1995-1996 



Safety Committee 



Editorial Boards: 



1993-1998 



1998- 



1999- 



Founding Editor and Editor in Chief, MICROCIRCULATION, the official 
journal of the Microcirculatory Society 

Consulting Editor, MICROCIRCULATION 

Editorial Board, ENDOTHELIUM, JOURNAL OF ENDOTHELIAL 
RESEARCH 



1992-2000 



1989-1995 



1993-2000 



1995-present 



1996-2000 



Editorial Board, AMERICAN JOURNAL OF PHYSIOLOGY (Heart and 
Circulation) 

Associate Editor, MICROVASCULAR RESEARCH 

Editor, North American Vascular Biology Organization (NAVBO) 
Newsletter; Co-editor, NAVBO WWW Home Page 

Editorial Board, JOURNAL OF CARDIOVASCULAR PATHOLOGY 

Editorial Board, CIRCULATION RESEARCH 



Memberships in Professional Societies: 

American Association for the Advancement of Science 
American Horticultural Society 
American Physiological Society 

American Society for Pharmacology and Experimental Therapeutics 

A merican Society for Research on Vision and Ophthalmology 

American Society for Investigational Pathology 
The Microcirculatory Society, Inc . 

North American Vascular Biology Organization (NAVBO) 

American Society for Cell Biology 

Society for Leukocyte Biology 

Peninsula Orchid Society 

American Orchid Society 

Pleurothallid Alliance 
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AHA Council on Arteriosclerosis, Thrombosis and Vascular Biology 
Fellow of the American Heart Association 
AHA Council on Stroke 



Summary of Teaching Experience: 
A. Courses 

University of Calgary: 

Pharmacology 

Lecturer, Endocrinology 1977, 1978 

University of California, San Diego: 

Physiology/Pharmacology 

Teaching Assistant and Laboratory Instructor 1979. 1980 
(Pharmacokinetics, Metabolism labs) 

New York Medical College: 

Human Physiology 

Lecturer (endocrinology) 1980-1990 
Molecular Endocrinology 

Course Director and Lecturer 1980-1990 
Methods in Endocrinology 

Course Director 1986 
Cells of the Vessel Wall 

Course Director 1986, 1988 
Biochemical Pharmacology 

Lecturer 1980-present (receptor pharmacology, cell culture, eicosanoid 

biochemistry, biologicals as drugs) 

Review courses (Cardiovascular, Endocrinology) for Medical Boards at Bellvue 
Hospital, NY and other NY Medical College affiliate hospitals. 

Jefferson Medical College: 

Graduate Course in Human Physiology 

Lecturer 1985-1987 (vascular cell biology, eicosanoid biochemistry) 

City College of New York 

Human Physiology 

Lecturer 1980-1989 (Endocrinology) 

University of Virginia 

Shaking the Academic Tree: Alternative Careers 1999 
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Predoctoral research experiences (summers, elective periods): New York Medical 

College graduate and medical students 

Doctoral Research Advisor/Supervisor: New York 

Medical College Physiology, Pharmacology, Cell Biology 

Postdoctoral Supervisor: New York Medical College and Miles/Bayer Corporation 
Postdoctoral Supervisor: Genentech 
Summer Intern Advisor, Genentech 

Sponsored Research Programs (Principal Investigator) 
National Instituties of Health 



1981-1984 NIH New Investigator Award "Cerebral Microvessels " 

1985-1988 NIH HLBI ROl Grant "Glucocorticoids and Microvessel Endothelium" 

1985- 1988 NIH EI ROl Grant "Retinal Endothelial Cells" 

1986- 1989 Research Career Development Award (NIH, returned in 1990) 
1990-1996 NIH HLBI ROl grant "Glucocorticoids and Microvessel Endothelium" 



Other Agencies 



1 98 1-1984 American Heart Association Grant-in-Aid "Isolation and Characterization 

of Endothelial Cells from Cardiac Muscle" 

1984 American Diabetes Association Grant-in-Aid "Effects of High Glucose 

on Retinal Microvascular Endothelial Cells" 

1984-1986 Westchester Heart Association Grant-in-Aid " Effects of High Glucose on 

Cardiac Muscle Microvessel Endothelial Cells" 

1984-1985 New York State Health Research Council Grant-in- 
Aid "Eicosanoid Metabolism in Cardiac Muscle Microvessel 
Endothelium" 

1986 Boehringer Ingelheim Grant-in-Aid "Isolation of a Leukocyte 

Regulatory Factor from Microvessel Endothelium" 
1990 Miles Inc. Grant in Aid. Fellowship support for Robert Mannix 

1 989 Fight for Sight Fellowship (sponsor for Julio Rimarachin) 

1989 New York Eye and Ear Fellowship (sponsor for Julio Rimarachin) 



Consultantships: 

1986-1 989 INSITE VISION, Alameda California 

1986-1989 Boehringer Ingelheim Pharmaceuticals, Ridgefield CT 
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2001 Department of Vascular Medicine, Stanford CA 

2003- 2004 Frazier HealthCare Ventures, Palo Alto, CA 
2003 Xoma Corporation, Berkeley, CA 

2004- Macusight, Freemont, CA 



Students and fellows supervised and their current positions: 

1981-1985 Terry O Meyers, Ph.D. Associate Professor of Physiology, City University of 

New York 

1985- 1987 Robert Gundel, Ph.D. Vice President, Pre-clinical Research, Xoma Corporation 

1984- 1 988 Anthony Capetandes, Ph.D. Scientist, Merck 

1981-1983, 1987 Richard Rosenbaum, M.D. Fellow, Department of Cardiology, Jefferson 

Medical CollegeJPhiladelphia 

1986- 1989 Catherine Partridge, Ph.D.Associate Professor, Department of Biochemistry, 

Albany Medical College 
1986-1989 Julio A. Rimarachin,M.D. Associate Professor, Cornell University Medical 

College 

1985- 1989 Robert Mannix,Ph.D. Research Cell Biologist, Children's Hospital, Harvard 

University 

1988-1993 Tariq Moatter, Ph.D. Assistant Professor, Aga Khan University, Karachi 

Pakistan 

1993-1999 Eric Schwartz, Ph.D. Post-doctoral fellow, Stanford University 

1998 Jennifer Graham, Orthopedics resident, Brigham and Women's Hospital 

1 998- 2000 Xiaohua Xin, Scientist, Eli Lilly 

1999- present Hainsworth Shin, Post-doctoral fellow, UCSD 

2000- present Max Tejada, Post-doctoral fellow, Genentech 
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In many cell types, increased intracellular calcium 
gives rise to a robust induction of C'fbs gene expression. 
Here we show that in mouse Ltk~ fibroblasts, calcium 
ionophore acts in synergy with either cAMP or PMA to 
strongly induce the endogenous c-fos gene. Run-on anal- 
ysis shows that this corresponds to a substantial in- 
crease in active polymerases on downstream gene se- 
quences, Le. relief of an elongation block by calcium. 
Correspondingly a chimeric gene, in which the human 
metallothionein promoter is fused to the fos gene, is 
strongly induced by ionophore alone, unlike a c-fos pro- 
moter//3-globin coding unit chimeric construct. Internal 
deletions in the hMT-fos reporter localize the intragenic 
calcium regulatory element to the 5' portion of intron 1, 
thereby confirming and extending previous in vitro 
mapping data. Ionophore induced cAMP response ele- 
ment-binding protein phosphorylation on Ser 133 with- 
out affecting the extracellular signal-regulated kinase 
cascade. Surprisingly, induction involved neither 
CaM-Ks nor calcineurin, while the calmodulin antago- 
nist W7 activated c-fos transcription on its own. These 
data suggest that a novel calcium signaling pathway 
mediates intragenic regulation of c-fos expression via 
suppression of a transcriptional pause site. 



The proto-oncogene c-fos represents the prototype for the 
family of immediate early genes. Its activation follows stimu- 
lation of the cell by a wide range of extracellular stimuli but is 
independent of protein neosynthesis (1^3). c-fos expression is 
regulated at multiple levels by intracellular signaling events 
acting in synergy (for reviews, see Refs. 4-7). The majority of 
studies on how signal transduction cascades modulate c-fos 
gene expression have focused on its upstream promoter se- 
quences. Several cis-acting elements present in this region 
have been characterized as targets for numerous stimuli (8- 
11): the v-sis inducible element (12, 13), the serum response 
element (SRE) 1 (7, 14-16), the Fos API-like site (16) and the 
cAMP response element (CRE) (17-21). 
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In several cell types calcium mobilization plays a central role 
in the modulation of c-fos gene expression; however, the mech- 
anisms involved are still not frilly understood. Calcium ions act 
as intracellular secondary messengers either after entering 
cells through various ion channels and/or upon release from 
internal stores. Ca 2 * differentially activates cellular processes, 
and immediate early genes such as c-fos gene provide impor- 
tant targets to characterize how the calcium signal is trans- 
duced to the nucleus to activate various transcription programs 
(22, 23). Based on results from mutagenesis and transient 
transfection analyses, calcium has been proposed to activate a 
variety of pathways targeting different promoter elements (8, 
21). Some are mediated by SRE-dependent processes. In some 
instances this occurs via the well characterized Ras-Raf-Erk- 
Elk-1 signaling module (23-26). In other situations increased 
levels of intracellular calcium induced by membrane depolar- 
ization with elevated levels of KC1 or exposure to the calcium 
ionophore ionomycin have been shown to activate the c-fos 
promoter in PC12 .pheochromocytoma cells. These have been 
linked to SRF independently of Elk- 1 (24). SRF-driven activa- 
tion did not involve Ras but did appear to involve calcium/ 
calmodulin-dependent kinases (25). The mechanism is still un- 
certain, since mutation of the major phosphorylation site in 
SRF showed continued activity in this study. Finally some 
evidence implies that calcium signals to the Fos API-like ele- 
ment immediately downstream of the SRE-binding site (26), 
even though no transcription factor has been directly impli- 
cated in control via the Fos API-like site alone. 

Other pathways activate c-fos transcription independently of 
the SRE, primarily via the CRE located at position —65 (re- 
viewed in Refs. 27 and 28). This element is sufficient to mediate 
calcium-dependent reporter gene activation in some cell con- 
texts, while in other cells additional cryptic CREs in the up- 
stream promoter contribute to reporter gene activity (19). To 
further complicate the role of the CRE, intracellular calcium 
fluxes can also activate kinases downstream of Ras and ERK 
that phosphorylate CREB at serine 133 and thus potentially 
modulate transcription through the CRE (14, 29). 

An explanation for the multiplicity of the effects mediated by 
calcium on gene expression has recently been provided by ele- 
gant microinjection experiments aimed at unraveling how spa- 
tially distinct calcium signals generate diverse transcriptional 
responses (30). Nuclear injection of a non-diffusible calcium 
chelator blocked increases in nuclear, but not cytoplasmic, cal- 
cium concentrations following activation of L-type voltage- 



tein; DRE, downstream regulatory element; IBMX, isobutylmethylxan- 
thine; PMA, phorbol 12-myristate 13-acetate; 8-Br-cAMP, 8-bromo- 
cAMP; ERK, extracellular signal-regulated kinase; CaM, calmodulin; 
CaM-K, CaM-activated kinase family; SRF, serum response factor; MOPS, 
4-morpholinepropanesulfonic acid; MTLIIa, human metallothionein Da pro- 
moter; gapdh, glyceraldehyde-3-phosphate dehydrogenase. 
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gated calcium channels in a mouse pituitary cell line. Using 
reporters driven by different c-fos promoter regions, Harding- 
ham et at. (30) showed that increases in nuclear calcium control 
CRE-mediated transcription, whereas a rise of cytoplasmic cal- 
cium activated SRE-driven transcription. In fact, this suggests 
that the mode of calcium entry and the cell type determine 
which upstream promoter element is required for the activa- 
tion of a transiently introduced reporter gene. Accordingly the 
CRE alone can mediate activation by calcium signals triggered 
by membrane depolarization of PC 12 pheochromocytoma cells 
(21, 22, 31), an effect that is not reproduced in HeLa cells (8). 

More recently, a new calcium-sensitive transcriptional re- 
pressor has been proposed to bind a downstream regulatory 
element (DRE) present within the human prodynorphin gene 
(32). Upon stimulation by calcium this repressor, named 
DREAM for DRE-antagonist modulator, is no longer able to 
bind the DRE. In addition to prodynorphin promoter, DREAM 
represses also transcription from the c-fos gene in a transient 
transfection assay. However, whether this is true for the en- 
dogenous gene remains to be established. 

A close inspection of the c-/bs transcription unit through high 
resolution run-on analysis has also suggested the involvement 
of intragenic regulatory elements as important targets of c-fos 
regulation by calcium (33-36). In cultured macrophages, c-fos 
transcription is stimulated by multiple pathways requiring the 
mobilization of calcium from internal sources (34, 37). A strong 
block to transcriptional elongation, mapping beyond c-fos exon 
1, was observed when freshly isolated peritoneal macrophages 
were put into primary culture (34). Calcium-dependent relief of 
this block strongly increased c-fos mRNA levels. In T cells, 
elevated cytoplasmic calcium is a critical mediator of activation 
upon stimulation of the antigen receptor. The synergistic action 
of calcium ionophore and agonists of protein kinase C mimics 
authentic antigen treatment in some T cell hybridomas (38). In 
the latter case, the principal effect of calcium was shown to be 
on the elongation of c-fos transcripts (35). 

Using nuclear extracts from Ltk~ cells, we had previously 
mapped an in vitro arrest site within the murine c-fos gene 
(39). In this work we confirm and extend these results in vivo. 
However, because most previous studies on c-fos transcription 
have dealt with transient transfection experiments, we sought 
to use permanent cell lines carrying integrated reporter genes. 
We find that a sequence within c-fos intron 1, while barely 
active on its own, can strongly augment a calcium ionophore- 
driven transcriptional response together with its homologous 
or a heterologous upstream promoter. Even though this is 
correlated with CREB phosphorylation on Ser 133 , it is mediated 
by a novel signaling pathway that surprisingly is potentiated 
by the calmodulin antagonist W7. 

EXPERIMENTAL PROCEDURES 

Materials and Reagents — Tissue culture medium, penicillin, strepto- 
mycin, glutamine, G418, Random primers DNA labeling system, and 
TRIZOL were obtained from Life Technologies, Inc. (Cergy Pontoise, 
France). Phorbol myristate acetate (PMA), 3-isobutyl-l-methylxan thine 
(IBMX), 8-bromo cyclic adenosine monophosphate (8-Br-cAMP), 
A23187, W5, W7, KN62, KN93, and secondary antibodies were pur- 
chased from Sigma-Aldrich (St. Quentin Fallavier, France). Antisera 
directed against phosphorylated forms of CREB and ERK came from 
New England Biolabs (Ozyme, Paris), all radioactive nucleotides and 
ECL reagents were from Amersham Pharmacia Biotech, the pHOOK-2 
vector and Capture-Tec beads came from Invitrogen (Groningen, The 
Netherlands), and all restriction enzymes and bovine serum albumin 
from Roche Molecular Biochemicals (Meylan, France). The calmodulin- 
dependent protein kinase assay kit was purchased from Upstate Bio- 
technology Inc. (EUROMEDEX, France). Bradford protein assay kit 
was from Bio-Rad (Ivry Sur Seine, France) and Immobilon polyvinyli- 
dene difluoride membranes from Millipore. Radioactive signals were 
revealed by autoradiography using intensifying screens at -80 °C and 
quantitated by Phosphorlmager technology. 



Cell Culture — Mouse Ltk" fibroblasts were grown at 37 °C in a 5% 
C0 2 containing atmosphere in the presence of 10% fetal calf serum in 
Dulbecco's modified Eagle's medium. When indicated, cells were serum 
starved for 24 h and stimulated by refeeding with 10% serum for the 
indicated times. 3-5 x 10 6 exponentially growing cells were treated 
with either 100 nM PMA, 100 mM IBMX + lmM 8-Br-cAMP, 0.1-10 ^m 
rapamycin or cyclosporin A, 10 um KN62 or KN93, 2.5-250 um W5 or 
W7, 20 u-M PD98059, or 10 mgfail of the calcium ionophore A23187 
alone, or a combination of these agents as indicated in the legends of the 
figures. All media were supplemented with streptomycin, penicillin, 
and L-glutamine. Cells were transfected with the various constructs 
described in the figures using calcium phosphate and pools of G418- 
resistant cells were used throughout this work. 

pHOOK-2 Transient Transfection and Selection — 6 ug of pHOOK-2- 
Lac Z (control), CaM-KIIi-HOOK, CaM-KIIa-HOOK, or CaM-KIVa- 
HOOK were transfected in 3-5 x 10 6 Ltk" pl9/l cells by the calcium 
phosphate technique. 16 h later, cells were washed with HS buffer (25 
mM Hepes, 140 mM NaCl, pH 7.4), fresh Dulbecco's modified Eagle's 
medium containing 10% fetal calf serum was added and after 2 h 
A23187 stimulation was performed, where indicated, for 1 h. Cells were 
then detached with 6 mM EDTA, spun down, and resuspended in 5 ml 
of Dulbecco's modified Eagle's medium, 10% fetal calf serum, also con- 
taining A23187 where indicated. 50 /xl of magnetics beads (Invitrogen 
Capture-Tec system) were added and tubes were gently stirred at 37 °C 
for 1 h. After selection on a magnetic stand and 3 washes with Dulbec- 
co's modified Eagle's medium, 10% fetal calf serum, the cells were split 
into two batches: one was resuspended in TRIZOL reagent for RNA 
extraction while the other one was treated with Laemmli's polyacryl- 
amide gel electrophoresis-SDS sample buffer. 

Nuclear Run-on Transcription — Extraction of nuclei, run-on tran- 
script labeling and hybridization were carried out as described (39). 
Preparations of crude nuclei were split into aliquots containing 5 x 10 7 
nuclei which were frozen in liquid nitrogen and thawed immediately 
prior to the labeling reaction. Incubations were carried out at 30 °C for 
30 min in the presence of 100 uCi of [a- 32 P]UTP (400 Ci/mmol, 10 
fiCi/fil). Labeled run-on transcripts were purified and hybridized to 
nitrocellulose filters containing equimolar amounts of the plasmids 
indicated. Hybridization was carried out for 48 h at 42 °C. Filters were 
washed twice at 65 °C in 0.2 x SSC and at 25 °C in 2 x SSC containing 
2 fig/ml DNase-free RNase A. Signals were corrected for the thymidine 
content of each hybridizing DNA strand and standardized to those 
obtained with the gapdh cDNA probe. 

RNA Blots and RNase Protection Assay — Total RNA was extracted 
using a standard 5 M guanidinium thiocyanate-phenol procedure at pH 
5. Blots were sequentially hybridized to a mouse c-fos and gapdh cDNA 
probes labeled by random priming with [a- 32 P]dCTP (3000 Ci/mmol). 
The RNA probe was prepared from PM37.37 (containing a mouse 
genomic c-/os DNA spanning nucleotides -599 to +251, cloned into 
pBluescript) linearized with BssHII, uniformly labeled with [a- 32 P]UTP 
(400 Ci/mmol), and purified by polyacryl amide gel electrophoresis. 20 
Hg of RNA for each sample was hybridized, processed for degradation by 
RNase A, and the resulting protected bands analyzed by electrophoresis 
in 5% polyacryl amide sequencing gels as described (40). 

Plasmid Constructs — For c-fos constructs the starting construct was 
pl9/l, which contains a 4-kilobase Nael-BamHl mouse genomic DNA 
fragment under the control of the human metallothionein Ila promoter 
(41). Large deletions were generated using unique Xho I, Xba I, and Sail 
restriction sites and religation as indicated. Intron 1 small deletions 
were generated with exonuclease III onXfcol-linearized pl9/l, followed 
by blunt-ending by SI nuclease treatment and religation. Plasmids 
containing overlapping deletions were selected and sequenced. pMT- 
globin was derived from pl9/l after deleting the Bam HI-BamHI c-fos 
fragment and replacing it with a rabbit 0-globin genomic fragment. 
pFos-globin contained the rabbit 0-globin gene under the control of the 
c-fos promoter contained in the Smal-Pvull DNA fragment spanning 
nucleotides -500 to - 19 relative to the transcription initiation site (42). 

The CaM kinase II catalytic subunit (amino acids 1-290) was derived 
from plasmids pSG5-192 I (inactive) or pSG5-192 A (active) (Ref. 43, 
kind gift from A. Means) by Hindlll and BamHl digestion. These 
fragments were cloned in the pHOOK-2 vector to produce CaM-KIIi- 
HOOK and CaM-KIIa-HOOK. The CaM kinase IV catalytic subunit 
(amino acids 1-313) was obtained from plasmid RSV-CaM-KIV (Ref. 44, 
kindly provided by S. Soderling) by HmdIII and Bglll digestion and 
cloned in pHOOK-2 vector to produce CaM-KJVa-HOOK. 

Western Blots and Kinase Assays — 5 X 10 s exponentially growing 
cells were treated with various inhibitors for 1 h prior to A23187 
stimulation for 10 min as indicated and then lysed as described previ- 
ously (45). Protein concentrations were determined using the Bradford 
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Fig. 1. Calcium ionophore is required for robust, sustained 
induction of c-fos by PMA or cAMP in Ltk~ cells. A, exponentially 
growing Ltk~ cells were left uninduced (lane 1) or stimulated for 1 
(lanes 2-6) t 2 (lane 7), or 4 h (lane 8) with PMA (lane 2), IBMX + 
8-Br-cAMP (lane 3\ A23187 (lane 4), or a combination of A23187 and 
PMA (lane 5) or IBMX + 8-Br-cAMP (lanes 6-81 20 jig of total RNA 
was fractionated by electrophoresis through a formaldehyde- agarose 
gel, transferred onto nylon membranes and hybridized successively to 
c-fos (top panels) and gapdh (bottom panels) probes. B, transient ex- 
pression of c-fos mRNA induced by serum restimulation of Ltk" cells 
starved for 24 h. Total RNA was prepared from either serum-starved 
cells (lane 1) or cells restimulated for 30 (lane 2), 60 (lane 3), or 90 min 
(lane 4) and analyzed as above. 

assay. 5 fig of whole cell extracts were fractionated by electrophoresis 
through 8.5% SDS gels and transferred onto polyvinyl id ene difluoride 
membranes. After a quick dip into methanol, membranes were satu- 
rated for 1 h at room temperature in TBST (10 mM Tris-HCl, pH 8, 150 
mM NaCl, 0.05% Tween 20) containing 5% bovine serum albumin (frac- 
tion V). Primary antibodies (anti-phospho-Thr l83 /Tyr 185 ERK or anti- 
phospho-Ser 133 CREB) were incubated overnight at 4 °C in the same 
medium at a 1/1000 dilution. After 3 washes with TBST, an anti-rabbit 
lgG antibody was added at a 1/5000 dilution for 1 h at room tempera- 
ture. Antibody complexes were revealed by enhanced chemilumines- 
cence (ECL kit) after 6 washes 5 min each with TBST. 

CaM-activated kinases were purified through a small scale quick 
batch binding of a whole cell extract (100 /ig) to a calmodulin affinity 
resin (Stratagene)i Activity was measured by incubating the immobi- 
lized kinases for 10 min at 30 "C in 50 of a mixture containing 100 /am 
auto Camtide II, 2 ttM each of PKC and PKA inhibitor peptides, 25 mM 
MgCl 2 , 100 [y- 32 P]ATP (10 /tCi), 20 mM MOPS, pH 7.2, 25 mM 
0-glycerol phosphate, 1 mM sodium orthovanadate, 1 mM dithiothreitol; 
1 mM CaCl 2 . Incorporated radioactivity was monitored by liquid scin- 
tillation after spotting 25 /U of reaction mixture onto P81 phosphocel- 
lulose paper and several washes with 0.75% phosphoric acid, according 
to the supplier's recommendations. 

RESULTS 

c-fos Induction in Ltk~ Cells Requires the Concerted Action of 
Calcium Ionophore and Phorbol Esters or cAMP — We initially 
analyzed the response of mouse Ltk" fibroblasts to agents that 
elevate intracellular levels of calcium and/or cAMP, since these 
pathways were shown to synergize in c-fos activation (46, 47). 
In Ltk" cells, PMA, IBMX + 8-Br-cAMP, or calcium ionophore 
(A23187) generated only a minor induction of c-fos mRNA (Fig. 
LA). In contrast, co-treatment with A23187 and either PMA or 
IBMX + 8-Br-cAMP gave rise to a much stronger induction of 
c-fos (Fig. LA). Notably the signal was still high after 4 h of 
stimulation by a combination of A23187 + IBMX + 8-Br-cAMP, 
whereas it was undetectable 90 min after serum refeeding (Fig. 
15). This strong induction was sensitive to actinomycin D (data 
not shown; Fig. 4), indicating that it resulted from an increase 
in de novo transcription. 

This was confirmed by a run-on analysis carried out on 
nuclei prepared from cells treated for 1 h with A23187, 8-Br- 
cAMP and IBMX (Fig. 2). The labeled nascent transcripts were 
hybridized to two DNA fragments spanning the 5 '-half of the 
murine c-fos gene. The first one, (A), contains the first exon and 
the 3 '-half of the first intron. The second (B), spans the 3 '-half 
of the first intron, the second exon and the 5 '-half of the second 
intron. Previous work has shown that c-fos transcription can be 
regulated in part at the level of elongation (34, 35, 40, 48, 49), 
and fragment A contains the premature termination site 
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Fig. 2. Ionophore treatment relieves a transcriptional block 
within c-fbs intron 1. Nuclei were isolated from exponentially grow- 
ing Ltk" cells stimulated for 1 h with IBMX + 8-Br-cAMP in the 
absence of A23187 (-) or presence (+). Nascent transcripts were la- 
beled in vitro with {a- 32 P]UTP and then hybridized to c-fos mouse 
genomic DNA fragments spanning nucleotides +42 to +580 (fragment 
A) and +580 to +1473 (fragment B) relative to the transcription start 
site, c-fos signals were normalized to gapdh signals after Phosphorlm- 
ager quantitation and correction for the uridine content of each tran- 
script. The main features of c-fos transcription unit are diagrammed: 
shaded rectangles represent exons, black bars correspond to intron or 
flanking sequences, the transcription initiation site is represented by a 
broken arrow, and the horizontal arrows below the gene show the 
Nael-Xhol (fragment A) and Xhol-Xbal (fragment B) DNA fragments 
used for the run-on transcript hybridization. Left panels, autoradio- 
grams of membranes hybridized to in vitro synthesized nuclear RNA 
from either untreated cells (-) or cells exposed to A23187 + IBMX + 
8-Br-cAMP for 1 h (+). pUC and gapdh refer to pUCl8 and rat gapdh 
cDNAs. Right panel, the hybridization signals on fragments A and B are 
represented relative to the signal on A, after normalization for their 
specific activity and the corresponding gapdh signal. 

mapped in vitro (39). Prior to stimulation, a signal was detected 
on the promoter proximal fragment, whereas that from frag- 
ment B was disproportionately low, especially upon correction 
for the amount of uridine transcribed into RNA hybridizing to 
each fragment. Induction gave rise to a small increase in tran- 
scription of fragment A, together with a strongly enhanced 
signal from fragment B. Thus, in Ltk" cells the endogenous 
c-fos gene is regulated at the level of transcriptional elongation. 

Interestingly, A23187 also acts to stabilize c-fos mRNA. Cells 
were stimulated for 1 h with A23187 + IBMX + 8-Br-cAMP, 
and then actinomycin D was added for the indicated times (Fig. 
3A). c-fos mRNA was still detectable 4 h after actinomycin D 
addition, whereas the same level was obtained with a 1-h 
actinomycin D chase after serum induction (Fig. 3B). The syn- 
ergy between calcium ionophore and the other inducers sug- 
gests that both upstream and downstream regulatory elements 
are required for a full response to calcium in these cells. 

A c-fos Gene under the Control of an Heterologous Promoter 
Shows a Full Response to Calcium Ionophore — To address the 
contribution of regions downstream from the promoter to the 
calcium effect, we transfected Ltk" cells with a construct ex- 
pressing the mouse c-fos gene under the control of the human 
metallothionein Ila promoter (MTLIIa) (pl9/l; Ref. 41), which 
has high basal activity. A23187 alone was sufficient to substan- 
tially induce (60-fold) the transfected gene (Fig. 4A), unlike the 
endogenous c-fos gene (see above). A slightly reduced induction 
(30-fold) was observed with a mutant lacking the 3 '-untrans- 
lated region (pl9/ANsiI-MstII) that was previously shown to 
enhance mRNA stability (49-52). This is consistent with the 
increase in stability observed above for the endogenous gene. 
Actinomycin D blocked the induction but had a less striking 
effect on basal transcription (Fig. 4A). This observation was 
confirmed by RNase protection using an antisense probe span- 
ning from nucleotides -95 to +251 relative to the transcription 
start site (Fig. 5A). The c-fos mRNA generated by the trans- 
fected gene lacks the first 42 nucleotides and can thus easily be 
distinguished from the endogenous mRNA (see "Experimental 
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Fig. 3. Calcium ionophore leads to c-fos mRNA stabilization. A, 
Northern blot analysis of c-fos mRNA decay after treatment with 
A23187 + IBMX + cAMP for 1 h prior to addition of actinomycin D for 
the indicated times. RNA was processed as described in the legend of 
Fig. 1. B, quantitation of the data presented in panel A after normal- 
ization to the gapdh signals (closed bars). Also shown is the decay rate 
of c-fos mRNA following a 30-min serum induction (open bars). 

Procedures"). As shown in Fig. 5B, the transfected gene was 
induced to the same level by calcium ionophore alone or to- 
gether with IBMX + 8-Br-cAMP (lanes 6 and 7) or PMA (not 
shown), whereas the endogenous c-fos mRNA was observed 
only after combined treatment (lanes 4 and 7). The RNA sam- 
ples used in this experiment are those used for the Northern 
blot of Fig. 1. 

This effect was related to the fos gene, since no modulation 
by calcium was seen when a rabbit /3-globin genomic sequence 
was placed downstream from the MTLIIa promoter (Fig. 4B, 
lanes 1 and 2). Nevertheless the same construct was inducible 
by Zn 2+ (data not shown). When the same /3-globin genomic 
sequence was appended 3' to the c-fos promoter (-400 to +10), 
the resulting globin mRNA was only modestly induced by cal- 
cium (at most 3-fold, Fig. 4B, lanes 3 and 4), in contrast to the 
strong induction of the complete c-fos gene (Fig. 4A). The c-fos 
promoter- globin coding construct was still inducible by serum 
(data not shown; Ref. 53). Since similar results were observed 
with other promoters linked to the c-fos gene (adenovirus MLP, 
rat /3-actin; data not shown), we conclude that sequences lo : 
cated within the c-fos gene are required for a full transcrip- 
tional response to calcium. 

The Intragenic Calcium Response Requires Sequences Lo- 
cated within c-fos Exon 1 and Intron 1 — We then employed 
deletion mutagenesis to characterize the portion of the gene 
responsible for calcium sensitivity. A first series of deletions 
was generated using several restriction sites scattered along 
the transcription unit, as diagrammed in Fig. 6A. Plasmids 
corresponding to the various minigenes were transfected into 
Ltk~ cells, and pools of neomycin-resistant cells were used for 
monitoring A23187 inducibility. Deletions spanning sequences 
downstream of the middle of intron 1 were induced to approx- 
imately the same level as the starting pl9/l construct (35-55- 
fold, AXS and AXX, Fig. 6). ANX, which removes exon 1 and the 
5' portion of intron 1, was only poorly induced (2-3-fold) and 
exhibited a high constitutive level of expression prior to stim- 
ulation. The region deleted in ANX contains a previously 
mapped in vitro arrest site (39), as well as an in vivo pause site 
(40). This suggests thus that calcium acts at the level of elon- 
gation rather than initiation. Consistent with this, c-fos mRNA 
induction by calcium ionophore in pl9/l stably transfected 
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Fig. 4. c-fos intragenic sequences confer calcium inducibility. 
to a heterologous promoter. A, exponentially growing Ltk~ cells, 
stably transfected with pl9/l (lanes 1-3) or pl9/lANsiI-MstII (lanes 
4-6), were stimulated for 1 h with A23187, followed by actinomycin D 
as indicated. B, exponentially growing Ltk~ cells, stably transfected 
with either pMT-globin (lanes 1 and 2) or pFos-globin (lanes 3 and 4), 
were induced for 1 h with A23187 as indicated. RNA from cells left 
untreated (-) or treated as indicated (+) was processed for Northern 
blot analysis as described in the legend of Fig. 1. A mouse c-fos cDNA 
probe was used in A and a rabbit genomic DNA probe was used in B. In 
all cases membranes were rehybridized to a rat gapdh probe for nor- 
malization. The band marked by an asterisk in the upper panels of panel 
B, lanes 3 and 4, represent a globin splicing intermediate (53). 

Ltk" cells was completely abolished by preincubation with the 
elongation inhibitor DRB (data not shown). 

In order to confirm the involvement of the transcriptional 
pause site in this effect, we generated a new series of deletions 
restricted to intron 1 (Fig. 7C). Stably transfected pools of Ltk~ 
cells were established as above and used for in vitro run-on 
experiments (Fig. 7A). Dot blot hybridizations were performed 
on DNA from each pool of cells in order to ensure that the copy 
number of each transfected construct (which ranged from 20 to 
30) was high enough to render insignificant the signal arising 
from the endogenous gene. This was confirmed by run-on anal- 
ysis (data not shown). Although not as pronounced as for the 
endogenous gene (Fig. 2), the transgene still harbored a block 
to transcriptional elongation at the level of basal transcription 
(Fig. 7). Mutant Al showed the same biased hybridization 
signal to fragment A observed with the wild type gene (Fig. 7, 
A and B), which is indicative of a transcriptional pause (see 
above). Notably the signal became less biased upon further 
deletion (compare white bars (fragment A) and black bars (frag- 
ment B) in Fig. 7B), suggesting the gradual alleviation of tran- 
scriptional pausing. This confirms the key role played by intron 
1 sequences in c-fos regulation in Ltk~ cells. 

c-fos Induction by Calcium in Ltk~ Cells Does Not Involve 
Calmodulin-activated Kinases II and IV or Calcineurin — A ma- 
jor mechanism by which an increase in intracellular calcium 
concentration regulates cellular events is through its associa- 
tion with calmodulin (CaM). The calcium-CaM complex binds 
to and modulates the activity of multiple regulatory molecules, 
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Fig. 5. RNase protection analysis of induction of the endoge- 
nous c-fos and exogenous MTLIIa-/bs genes. A, schematic repre- 
sentation of the 5' portion of the endogenous c-fos gene as well as the 
chimeric gene encoded by pl9/l. Shaded rectangles represent exons and 
black horizontal bars introns or flanking sequences. The open rectangle 
indicates the MTLIIa promoter in the chimeric construct. The horizon- 
tal arrow and the lines below positions the antisense RNA probe and 
indicates the expected protection products. These are bands of 251 and 
209 nucleotides that correspond to transcripts generated from the en- 
dogenous gene and the transgenic construct, respectively. B, exponen- 
tially growing Ltk - cells (lanes 1-4), or Ltk~ cells stably transfected 
with pl9/l (lanes 5-7), were stimulated for 1 h with A23187 alone (lane 
3 and 6) or together with 8-Br-cAMP (lanes 4 and 7) as indicated. 20 /xg 
of RNA from uninduced (-) or induced (+) cells was hybridized and 
processed for RNase protection. Lane 1 shows the result using RNA 
from serum restimulated cells. The results shown are representative of 
three independent experiments. The faster migrating band of lane 7 is 
an artifact not observed in other analyses. 

including the CaM-activated kinase family (CaM-K) (54). 
CaM-Ks appear to play a role in transcriptional activation 
because the calcium-dependent induction of several immediate 
early genes, such as c-fos, is blocked by the CaM-K inhibitors 
KN62 and KN93 (26, 55). This has been proposed to occur 
through CREB phosphorylation (44, 56, 57), SRF phosphoryl- 
ation (28), and via an interaction between the CaM-K cascade 
and mitogen-activated protein kinase signaling pathways (58). 
We therefore investigated these possibilities in our experimen- 
tal system. 

Consistent with previous studies (59), treatment of pl9/l 
cells with calcium ionophore led to increased CREB phospho- 
rylation, as measured by Western blotting and immunodetec- 
tion with anti-phospho-CREB antibodies (data not shown). In 
contrast, A23187 did not affect the level of activated ERK1 and 
ERK2, as monitored on the same blot with antiphospho-ERK 
antibodies (not shown). Thus ionophore does not induce the 
ERK cascade in Ltk~ cells. Ionophore addition did stimulate 
CaM-K activity, as demonstrated with a pull -down kinase as- 
say using calmodulin-affinity resin (Fig. 8A). A 1-h treatment 
of cells with KN93 not only abolished ionophore-mediated in- 
crease in CaM-K activity, but led also to a 70% decrease in 
basal activity (Fig. 8A). However, this did not inhibit c-fos 
mRNA induction in pl9/l cells (Fig. SB). 

This was somewhat surprising in light of previously pub- 
lished reports. To confirm the lack of CaM-K effect on c-fos, we 
transfected pl9/l cells with pHook-based vectors expressing 
constitutively active CaM-KII and CaM-KTV kinases. Trans- 
fected cells were enriched by immunoselection, and RNA and 
proteins processed for Northern and Western blot analysis. 
Consistent with the results above, neither CaM-KII nor CaM- 
KTV were able to recapitulate c-fos induction by calcium iono- 
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Fig. 6. Sequences contained within exon 1 and/or intron 1 of 
c-fos are required for a robust response to calcium. A, the upper 
panel diagrams the deletions introduced into the chimeric c-fos gene 
encoded by pl9/l. The symbols are described in the legend to Fig. 5, and 
the bars under the gene represent the various deletions. Exponentially 
growing Ltk" cells stably transfected with the three deletion mutants 
were left uninduced (-) or induced for 1 h with A23187 (+). Induction 
was analyzed by Northern blotting as described in the legend to Fig. 1. 
B t quantitative representation of induction. The hybridization signals 
in Panel A were analyzed densitometrically and normalized to the 
gapdh signal. 



phore (Fig. 9A). In contrast, they were both able to increase 
phosphorylation of endogenous CREB (Fig. 95). Furthermore, 
overexpression of inactive CaM-KII, which should compromise 
activation driven by CaM-KII, did not block c-fos induction by 
calcium ionophore (Fig. 9A). but did prevent A23 187 -induced 
CREB phosphorylation (Fig. 9B). 

The calcium-CaM complex binds also to calcineurin, a calcium- 
dependent protein phosphatase implicated in gene regulation 
(38, 60). The immunosuppressant cyclosporin A is a potent 
calcineurin antagonist, whereas rapamycin, another immuno- 
suppressant, acts independently of the phosphatase (60). We 
therefore checked whether cyclosporin A might influence 
A23187-mediated c-fos induction. Neither immunosuppressant 
had a notable effect on a wide range of concentrations (Fig. 10), 
therefore ruling out calcineurin in the effects we observe. 

Calcium- mediated c-fos Induction Can be Mimicked by the 
Functional Inactivation ofCaM — These data eliminated ERKs, 
CaM-Ks, and calcineurin as effectors of ionophore induction of 
c-fos. In order to evaluate the possible involvement of CaM in 
another pathway, we treated the cells with the anti-CaM drug 
W7 that has been extensively used to inhibit CaM in culture 
cell systems. As a control, we used W5, a drug chemically very 
similar to W7 but with a much lower affinity for CaM. To our 
surprise, exposure of cells to W7 prior to A23187 strongly 
induced c-fos either with or without A23187, while the control 
compound W5 was inactive (Fig. 11). This suggests that a novel 
calcium dependent pathway, antagonized by CaM, is involved 
in controlling transcriptional pausing in the murine c-fos locus. 
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Fig. 7. The transcriptional pause site targeted by calcium 
ionophore maps in the 5' part of c-fos intron 1. A, nuclei were 
prepared from exponentially growing Ltk~ cells stably transfected with 
the various deletion mutants of pl9/l. Run-ons were performed as 
indicated in Fig. 2 and nascent transcripts were hybridized to the c-fos 
Nael-Xhol (fragment A) and Xhol-Xbal (fragment B) probes as well as 
to gapdh as described in the legend to Fig. 2. Experiments have been 
carried out three times and only a representative example is shown 
here. B y ratios of the signals detected on fragments A and B. The 
hybridization signals in panel A were quantitated and normalized to 
gapdh (open bars). The theoretical ratio, based on uridine content of 
transcripts arising from each deletion mutant, is presented as the solid 
bars. C, schematic representation of the deletions introduced into in- 
tron 1 of pl9/l. The symbols are described in the legend to Fig. 6. The 
horizontal lines below portray the overlapping deletions centered on the 
Xhol site. Numbers refer to positions relative to the transcription ini- 
tiation site. The white box present in intron 1 between positions +363 
and +387 shows the previously mapped in vitro transcriptional pause 
site (39). 
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Fig. 8. CaM Kinase inhibitors do not affect c-fos mKNA induc- 
tion by calcium ionophore. A, cells were p retreated with the CaM-K 
inhibitor KN93 (10 /am, 10 min) and then stimulated with A23187 as 
indicated. Whole cell lysates were prepared and passed over a calmod- 
ulin affinity resin. The immobilized proteins were tested for kinase 
activity toward CaMtide, a CaM-K substrate peptide. Reactions were 
spotted on phosphocellulose paper, washed exhaustively, and the radio- 
activity measured by scintillation counting. B, cells were preincubated 
for 1 h with 10 llM KN93, then induced as indicated above the lanes. 
Total RNA extraction, Northern blotting, and hybridization were per- 
fomed as described in the legend to Fig. 1. 



DISCUSSION 

In this work, based on integrated c-fos reporter genes and not 
on transient transfection experiments, we show that calcium 
acts synergistically with other stimuli to activate c-fos tran- 
scription through both upstream and downstream regulatory 
elements. Whereas PMA, IBMX + cAMP, and A23187 alone 
were not sufficient to give rise to a significant activation of 
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Fig. 9. Constitutively active CaM-Ks lead to CREB phospho- 
rylation but fail to induce c-fos expression. Exponentially growing 
Ltk" cells were transfected with either the parental vector (pHOOK-2- 
LacZ: lanes Al, A2, and Bl) or expression vectors encoding constitu- 
tively active CaM-KII (CaM-KIIa-HOOK: lanes A3 and B2\ constitu- 
tively active CaM-KIV (CaM-KIVa-HOOK: lanes A4 and B3\ or 
inactive, dominant negative CaM-KII (CaM-KIIi-HOOK: lanes A5 and 
B4). Transfected cells were selected on magnetic beads and lysed either 
with TRIZOL for Northern blot analysis (panel A) or with SDS-poly- 
acrylamide gel electrophoresis sample buffer for anti-phosphoCREB 
Western blotting (panel B t the membrane was stained with Ponceau 
Red to ensure identical loading). The lower panel presents the quanti- 
tation of the c-fos hybridization signals normalized to gapdh. 
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Fig. 10. Calcineurin does not contribute to calcium regulation 
of the c-fos intragenic pausing site. Exponentially growing Ltk~ 
pl9/l cells were pre treated with various concentrations of either cyclo- 
sporin A or rapamycin for 1 h (+) and then induced where indicated ( + ) 
with A23187. Only results obtained with 1 /xM of either drug are shown 
here. RNA isolation, Northern blotting, and hybridization were per- 
formed as described in the legend to Fig. 1. The lower panel shows the 
ratio of the c-fos signal to gapdh after Phosphor Imager quantitation of 
the Northern blot. 



c-fos, any combination of A23187 with the different inducers 
led to a strong induction of transcription. Notably upstream 
c-fos promoter sequences were not sufficient to confer a high 
level of inducibility by calcium to a reporter /3-globin gene. 
Conversely, replacing the c-fos upstream promoter with that 
from the human metallothionein Ha promoter generated a 
chimeric gene highly inducible by calcium ionophore alone. 
Nuclear run-on analysis showed that mRNA accumulation was 
mainly due to a dramatic increase in polymerase processivity. 
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Fig. 11. A calmodulin antagonist disrupts regulation of the 
c-fos intragenic pausing site. Exponentially growing Ltk" pl9/l cells 
were preincubated for 1 h with various concentrations of W5 or W7, 
followed by induction with A23187. Only results obtained with 25 ftbA of 
either drug are shown here. RNA isolation, Northern blotting, and 
hybridization were performed as described in the legend to Fig. 1. The 
lower panel presents the quantitation of the c-fos hybridization signals 
normalized to gapdh. 

These data suggest that intragenic regulatory elements medi- 
ate calcium effects provided that transcription initiation has 
taken place. 

The pathway leading from calcium entry to transcription 
resumption was then evaluated: whereas CaM-Ks activate c-fos 
gene transcription through promoter proximal elements, aston- 
ishingly, their participation, as well as that of the calcium-de- 
pendent phosphatase calcineurin, was ruled out in the relief of 
the block to elongation. However, calmodulin is actually impli- 
cated in this phenomenon through a mechanism that remains 
to be characterized. Taken together, these arguments form a 
compelling body of data pointing to a new calcium/calmodulin- 
dependent pathway that targets intragenic sequences to allow 
transcription to proceed through the pause site. 

We show here that the metallothionein promoter drives 
barely detectable transcription through c-fos downstream se- 
quences. The striking induction of transcription upon A23187 
treatment therefore reflects a tremendous increase in tran- 
scription elongation efficiency. Importantly the same result 
was obtained with other constitutively active promoters, such 
as the adenovirus major late or rat /3-actin promoters (data not 
shown). This is consistent with run-on experiments carried out 
on cells stably transfected with mutants deleting intron se- 
quences of c-fos, which further stressed the important role 
played by the intragenic transcriptional pause site previously 
identified in vivo (40, 48, 61) and mapped in vitro (39). Thus, in 
living cells, the first exon plus the 5' part of the first intron 
were shown to be crucial for the elongation block, whose release 
is responsible for calcium induction of the pl9/l construct. 

These results confirm and extend the previous observation 
by Coll art et al. (34) in macrophages and by Lee and Gilman 
(35) in murine T cells. In particular, we show that this calcium- 
sensitive block to elongation in the 5' part of the c-fos locus can 
act independently of the promoter but requires the whole cod- 
ing unit structure to be fully active. Moreover, this phenome- 
non is no longer restricted to macrophages and T-cells but also 
applies in fibroblasts, suggesting that it reflects a mechanism 
with wider relevance than previously appreciated. 

Interestingly, transcriptional induction was amplified by 
stabilization of c-fos mRNA when the endogenous gene was 
activated by a combination of A23187 and PMA or cAMP. c-fos 
transcripts generated by the various pl9/l-derived constructs 
after stimulation by A23187 alone were stabilized to the same 
extent (data not shown), suggesting that calcium also modu- 
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lates c-fos mRNA decay directed by sequences in the 3 '-un- 
translated region. This region cannot function alone, as shown 
by the inactive deletion mutants where it was still present. 
Furthermore, the fact that no deletion mutant retained full 
calcium-induced activity is consistent with data from trans- 
genic mice showing that full c-fos inducibility in vivo requires 
the entire locus (62). 

We then questioned which pathway led to elongation block 
release in response to calcium ionophore. Increased intracellu- 
lar calcium can lead to activation of PKA and PKC, two impor- 
tant effectors of c-fos activation in culture cells and in vivo. The 
fact that ionophore could synergize with forskolin and PMA, 
strong activators of PKA and PKC, makes it unlikely that these 
two kinases mediate the effects we observe. Thus CaM-depend- 
ent kinases seemed the most likely candidates, since they have 
been implicated in mediating c-fos induction by several differ- 
ent signals and mechanisms (25, 26, 55, 63, 64). Surprisingly, 
the CaM-K inhibitor KN93 (nor KN-62: data not shown) did not 
affect fos induction although it inhibited both basal and calci- 
um-induced CaM-K activity. Similarly overexpression of dom- 
inant-negative CaM-K did not block ionophore-driven pl9/l 
expression, which was also not reproduced by transfection of 
constitutively active CaM-Ks II or IV. In contrast, the latter did 
lead to CREB phosphorylation. This renders any role for 
CaM-Ks in this process very unlikely and suggests that their 
previously described activation of c-fos transcription takes 
place at the level of initiation rather than elongation. 

The calcium-activated phosphatase calcineurin regulates 
gene expression by activating the nuclear localization of the 
cytoplasmic transcription factor NF-ATc (38, 60). This may 
account for certain signaling events attributed to cytoplasmic 
but not nuclear calcium fluxes (30). Nevertheless calcineurin 
does not mediate increased elongation driven by A23187, since 
the latter was insensitive to the calcineurin inhibitor cyclo- 
sporin A (65). 

Recently, DREAM, a new repressor acting through a location- 
dependent silencer (DRE) has been shown to lead to a calcium- 
dependent repression of a human c-fos reporter in transient 
transfection experiments (32). The same sequence is present in 
the mouse locus but is not present in our reporter constructs 
that show calcium-dependent regulation. Therefore, the phe- 
nomenon we describe here is distinct from DREAM-dependent 
repression. 

These experiments ruled out a number of well documented 
pathways activated by calcium. We thus tested whether the 
ionophore signal involved calmodulin itself, using the calmod- 
ulin antagonist W7. This compound led to a dramatic induction 
of the c-fos pl9/l transgene both with and without A23187. 
Thus this calmodulin antagonist acts in the same direction as 
calcium entry, which seems paradoxical at first sight. One 
possible explanation is that this reflects a calcium- and antag- 
onist-sensitive interaction between calcium-free calmodulin 
and a factor responsible for the block to elongation. This mech- 
anism might resemble that described previously for neuro- 
modulin (66, 67), a neurospecific protein whose function is 
believed to be to bind calcium-free calmodulin and concentrate 
it within specific regions of the neuron. 

The nature of this downstream element and its regulation by 
calcium remain to be characterized. It might represent a down- 
stream component of the promoter, inactive on its own, that 
interacts with a bona fide transcription factor. For example, 
some bHLH proteins have been shown to interact directly with 
and be regulated by calcium/calmodulin in their ability to bind 
DNA. Accordingly, calcium ionophore was shown to selectively 
inhibit transcriptional activation by these CaM-sensitive 
bHLH protein in vivo (68). Alternatively this phenomenon 
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might reflect a constrained chromatin structure responsive to 
calcium. This would explain why this effect has proven refrac- 
tory to analysis by transient transfection. Given the quick 
response to calcium, one can imagine a direct interaction be- 
tween calmodulin and an elongation factor, such as TFIIS, 
P-TEFb (cycT/cdk9), or elongin A, a chromatin remodeling sys- 
tem, e.g. Swi/Snf complex, or a histone acetyl transferase. Al- 
though the exact molecular mechanisms remain unclear, our 
data add a new, calcium-dependent pathway and promoter 
region to the complex signaling network that ensures the tight 
regulation of c-fos transcription. 
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Purpose. Cycloxygenase inhibitors have been shown to pre* 
vent angiogenesis in some circumstances, suggesting that 
growth of capillary pericytes or endothelial cells may be regu- 
lated by prostaglandins (TGs). The present study tests the 
effects of PGs on the growth of human retinal capillary peri- 
cytes. 

Methods. Cell growth was assayed by formazan formation 
and 5-bromo-2'-deoxyuridine (BrdU) incorporation. The ex- 
pression of mRNAs corresponding to c-fos, PG receptors, 
and VEGF was examined by RT-PCR. Signal transduction was 
evaluated by immunoblot analysis using phosphospecific 
antibodies against mitogen-activated protein kinases 
(MAPKs) and cAMP response element- binding protein 
(CREB). Synthesis of cAMP was inhibited with the adenyl 
cyclase inhibitor SQ22536. A reporter gene (luciferase) as- 
say was conducted using the expression vector pSVOAA5' 
containing the 379-bp c-fos promoter with and without a 
mutation in cAMP response element (CRE). 

Results. PGD 2 treatment induced c-fos mRNA, stimulated peri- 
cyte growth, and increased expression of VEGF mRNA. PGE 2 
and -F 2a had similar effects on c-fos induction and pericyte 
growth, whereas PGI 2 was ineffective. RT-PCR confirmed that 
mRNAs corresponding to the receptors for PGD 2 , -E 2 , -F 2rr , and 
-I 2 were expressed in human retinal pericytes. Stimulation by 
PGD 2 led to phosphorylation of CREB, but had negligible effect 
on phosphorylation of p44/42 MAPK. The adenylyl cyclase 
inhibitor inhibited CREB activation and c-fos induction by 
PGD 2 . In a reporter gene assay, c-fos induction occurred only 
with wild-type c-fos promoter. Mutation in CRE eliminated the 
response to PGD 2 . 

Conclusions. PGD 2 promotes the growth of retinal capillary 
pericytes by signaling through cAMP and CREB. The findings 
underscore the importance of PGs in the growth of human 
retinal capillary pericytes and raise the possibility that PGs may 
play a role in proliferative retinopathies. (Invest Ophthalmol 
Vis Set. 2002;43:2774-2781) 

Proliferative vitreoretinopathy (PVR) develops in various 
retinal disorders, including retinal vein occlusion, retinop- 
athy of prematurity, and diabetic retinopathy. PVR is one of the 
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major causes of blindness in industrial countries including the 
United States, Japan, and European countries. The underlying 
mechanism of PVR is the formation of new vessels that grow 
into the vitreous. Although matrix metalloproteinase(s) may 
initiate angiogenesis by destroying the basement membrane, 1 
the endothelial cell growth factors play the key role in the 
formation of new vessels by stimulating endothelial cell 
growth. 2 Angiogenesis is also closely associated with chronic 
inflammation. 3 The inflammatory response induced by the 
leaks and repeated hemorrhages from new vessels also play an 
important role in the further development of clinically appar- 
ent proliferative tissues. 4 5 

The correlation between inflammation and angiogenesis 
suggests that inflammatory mediators, such as cytokines and 
prostaglandins (PGs), may play a role in the development of 
new vessels. In particular, there is mounting evidence impli- 
cating PGs and their synthetases (the cyclooxygenases [COXs)) 
in this process. For example, E-type PGs enhance angiogenesis 
in rabbits 6 and in chicken embryos. 7 Conversely, specific and 
nonspecific COX inhibitors inhibit cancer xenograft-induced 
angiogenesis 8 and can eventually suppress cancer growth by 
limiting the blood supply 9 " 1 1 COX inhibitors also inhibit the 
angiogenesis produced by oncostatin, a potent cytokine that 
has been shown to induce COX-2 expression. 12 Hypoxia, the 
major cause of retinal neovascularization, also induces COX-2 
in endothelial cells. 13 Although the exact mechanism(s) is not 
well understood, PGs and COX appear to regulate new vessel 
growth by regulating the expression of cytokines and endothe- 
lial growth factors. 8, M 15 In particular, the induction of COX-2 
by hypoxia is crucial for the later expression of the endothelial 
growth factor, VEGF. 16 

Retinal capillaries consist of two types of cells: endothe- 
lial cells and pericytes. Pericytes express muscle-type ac- 
tins 17 and provide appropriate tonus to maintain the func- 
tional structure of the capillary. Although pericytes have 
been shown to synthesize VEGF 18 and regulate endothelial 
cell growth, 19 " 21 relatively little is known about their re- 
sponse to PGs and other inflammatory mediators that are 
implicated in angiogenesis. However, several studies have 
shown that PGs and their synthetases modulate the growth 
of smooth muscle cells, a closely related cell type. 17 For 
example, in atherosclerosis, a condition associated with 
smooth muscle cell proliferation, both COX-2 expression 
and PG production are increased. 22 23 Moreover, COX-2 is a 
key factor in the growth of smooth muscle cells induced by 
both TNF-a and angiotensin II. 24 These findings led us to 
investigate whether PGs might have important regulatory 
effects on retinal pericytes, as well. Herein, we report that 
PGD 2 induced the expression of the early response gene, 
c-fos, and stimulated the growth of human retinal capillary 
pericytes through activation of the cAMP response element 
binding protein (CREB). In addition, our data indicate that 
PGD 2 increased the expression of VEGF mRNA, a key 
growth factor in retinal neovascularization. 
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Materials and Methods 
Chemicals and Materials 

Unless otherwise stated, all reagents used in the study were of analyt- 
ical grade. PGD 2 , -E 2 , -F 2tt , and -I 2 , and bovine serum albumin (BSA) 
were purchased from Sigma (St. Louis, MO). Dulbecco's. modified 
minimum essential medium (DMEM), fetal calf serum (FCS), trypsin- 
EDTA solution (0.05% trypsin and 0.02% EDTA in HEPES-buffered 
saline solution) and all other cell culture reagents were obtained from 
Biofluids, Inc. (Rockville, MD). Antibodies against phospho- and non- 
phospho-p44/42 MAPK (Erkl/2; Thr202/Tyr204) and phospho-p38 
MAPK (Thrl80/Tyrl82) were the products of New England Biolabs, 
Inc. (Beverly, MA). Antibodies against non-phospho- and phospho- 
CREB (Serl33) and adenyl cyclase inhibitor 9<tetrahydro~2-furanyl>9H- 
purin-6-amine (SQ22536) were purchased from Calbiochem Corp. (San 
Diego, CA). Transfection reagent (FuGENE6) and a dual-luciferase re- 
poner assay system were obtained from Roche Diagnostics Corp. 
Gndianapolis, IN) and Promega Corp. (Madison, Wl), respectively, 
two human lymphocytic cell lines, Raji and SKW6.4, were obtained 
from American Type Culture Collection (Manassas, VA). Human um- 
bilical vein endothelial cells (HUVECs) were purchased from Clonetics- 
BioWhittaker (San Diego, CA). 

Human retinal capillary pericytes (from a 55-year-old white man) 
were obtained from Clonetics-BioWhittaker. Pericytes were main- 
tained in DMEM supplemented with 10% FCS in the collagen-coated 
culture plates in a 5% C0 2 atmosphere. The identity of the cells was 
confirmed by detection of muscle type a-actins. 17 

Viable Cell Assay 

The number of viable cells was measured spectrophotometrically on 
96-well plate with a kit (CellTiter 96 Assay; Promega), according to the 
manufacturer's instructions. 

Briefly, the suspended human pericytes (100 u.L) were plated into 
96-well plates (2.5 X 10 4 cells per well) and cultured in DMEM 
containing various stimulants. After the cells were cultured at 37°C for 
3 days, 15 yutL of dye (tetrazolium) solution was added, and the incu- 
bation at 37°C was continued for another 4 hours. After the cells were 
solubilized, the brown color developed by tetrazolium metabolism was 
measured at 570 nm. To eliminate the background absorbance by cell 
debris, the cell number, expressed as the absorbance at 570 nm, was 
adjusted by the absorbance at 650 nm. In each experiment, cells, 
cultured without and with 1 0% FCS were included as the negative and 
positive controls, respectively. The cell viability was expressed as the 
ratio of number of cell to that of the control cells cultured in serum-free 
DMEM. 

Quantitation of DNA synthesis 

DNA synthesis was assayed by quantitating 5-bromo-2'-deoxyuridine 
(BrdU) incorporation into newly synthesized DNA in 96-well plate 
using a cell proliferation EUSA kit (Roche Diagnostics Corp.). The cells 
(2.5 X 10 4 cells per well) were cultured in DMEM containing various 
stimulants at 37°C for 3 days. After labeling with BrdU for 4 hours, 
BrdU incorporated into DNA was spectrophotometrically quantitated 
at 370 nm after the reaction with a peroxidase-conjugated mouse 
monoclonal antibody against BrdU and the following peroxidase reac- 
tion with 3,3\5,5'-tetramethylbenzidine (TMB) as substrate. The back- 
ground absorbance was adjusted by absorbance at 492 nm. 

RNA Preparation 

Human pericyte mRNA was isolated by extraction reagent (QIAshred- 
der; Qiagen, Valencia, CA) and a kit (RNeasy Mini Kit; Qiagen). All 
experiments were conducted according to the manufacturer's instruc- 
tions. All mRNA preparations used in the study were confirmed to 
contain no genomic DNA and to produce no PCR products without 
reverse transcription. When PCR using PCR beads (Ready-To-Go beads; 
0.2 mL tubes/plate; Amersham Pharmacia Biotech Inc., Piscataway, NJ) 



Table 1. Primers and Predicted Product Sizes 



Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
Foreward primer: GTCAGTGGTGGACCTGACCT 
Reverse primer: AGGGGTCTACATGGCAACTG 
Predicted product size: 420 bp 

c-Fos 

Forward primer: AGAATCCGAAGGGAAAGGAA 
Reverse primer: CTTCTCCTTCAGCAGGTTGG 
Predicted product size: 150 bp 

DP receptor 

Forward primer: CTCTGCCCGTAATTTATCGC 
Reverse primer: CACCGGCTCCTGTACCTAAG 
Predicted product size: 214 bp 

EP, receptor 

Forward primer: GTGTACATCCTACTGCGCCA 
Reverse primer: GGCTflTl ATTCCCAAAGGC 
Predicted product size: 247 bp 

EP 2 receptor 

Forward primer: TGCTTCTCATrGTCTCGGTG 
Reverse primer: GTGAAAGGCAAGGAGCAGAC 
Predicted product size: 229 bp 

FP receptor 

Forward primer: TTTGCCAATGGGAGGTAGAC 
Reverse primer: GGCAAAATAGGCCAGATCAA 
Predicted product size: 263 bp 
IP receptor 

Forward primer: CITCCAGCGACTCAAGCTCT 
Reverse primer: GAAATGTCAGCAGAGGGAGC 
Predicted product size: 271 bp 
Vascular endothelial growth factor (VEGF) 
Forward primer: CT AC CTCC AC C A TGCC AA GT 
Reverse primer: ATG TTGG ACTCCTC A GTGGG 
Predicted product size: 258 bp 



produced any visible products, mRNA was treated with the DNase in 
a kit (DNA-free; Ambion, Austin, TX). 

Reverse Transcription-Polymerase 
Chain Reaction 

RT-PCR was conducted using RT-PCR beads (0.2 mL tubes/plate, 
Ready-To-Go; Amersham Pharmacia Biotech Inc.) on a PCR system 
(GeneAmp 9700; PE-Applied Biosystems, Foster City, CA). The primers 
and predicted molecular weights are summarized in Table 1 . 

Approximately 100 ng of mRNA was reverse transcribed and am- 
plified in a total volume of 50 /iL with RT-PCR beads that contained 2.0 
units of Taq DNA polymerase, 10 mM Tris-HCl (pH 9 0), 60 mM KC1, 
1.5 mM MgCl 2 , 200 /iM of each dNTP, reverse transcriptase, porcine 
RNase inhibitor, and RNase- and DNase-free BSA. The condition for 
reverse transcription was 42°C for 30 minutes, and the amplification 
was performed in 32 cycles of denaturation at 95°C for I minute, 
annealing at 55°C for 1 minute, and elongation at 72°C for 30 seconds. 
The products were visualized by ethidium bromide after electrophore- 
sis on 1% agarose gel. 

Signal Transduction Assay 

The cells were cultured in six-well culture plates (Costar Corp., Cam- 
bridge, MA) with regular DMEM containing 10% FCS. When the cells 
reached confluence, the medium was replaced with FCS-free DMEM. 
Culturing was continued for 1 2 hours and the cells were stimulated by 
incubating at 37°C for 10 minutes in DMEM containing appropriate 
stimulants. The cells were washed with ice-cold PBS and quickly frozen 
by placing the culture plate on dry ice. After the cells were solubilized 
with 1% SDS, the cell-signaling pathway was examined by detecting the 
phosphorylation of p44/42 MAPK, p38 MAPK, and CREB on Western 
blot analysis. 

SDS-PAGE and lmmunoblot Analysis 

SDS-PAGE was performed on a 12% acrylamide gel using a minigel 
system (XCell 11 electrophoresis apparatus; Novex, San Diego, CA). 
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After electrophoresis, the proteins were transferred onto a polyvinyli- 
dene difluoride (PVDF) membrane (Bio-Rad Laboratories, Hercules, 
CA) in Tris-glycine buffer (pH 8.3) containing 20% (vol/vol) methanol 
at 25 mV for 90 minutes with a blot transfer system (XCell 11 Blot 
Module; Novex). Nonspecific binding of the membrane was blocked 
with 5% nonfat dry milk (Bio-Rad Laboratories, Hercules, CA). The 
membrane was incubated in phosphate-buffered saline (PBS) contain- 
ing 0.1% Tween-20, 5% BSA and primary antibody (rabbit IgG, 1:1000 
dilution) at 25°C overnight and then in PBS containing 0. 1% Tween-20, 
5% nonfat dry milk, and secondary antibody (anti-goat IgG coupled 
with horseradish peroxidase, 1:1000 dilution) at 25°C for 3 hours. The 
immunostaining was detected by peroxidase reaction using a chemi- 
luminescence detection system (Phototope-AP Western blot detection 
system; Cell Signaling Technology, Beverly, MA). 

Reporter Gene Assay for Induction of 
c-Fos mRNA 

Plasmids that carry the c-fos promoter coupled with the reporter gene 
luciferase and the same gene with mutation in the CRE were kindly 
provided by Bruce Cochran of Tufts University (Medford, MA) and 
Jianzheng Zhou of the National Eye Institute (Bethesda, MD). The 
wild-type c-fos promoter plasmid contains 379 bp of the c-fos regula- 
tory region immediately 5' to the transcriptional start point, cloned 
upstream of the luciferase gene of the expression vector pSVOAA5'. In 
the mutant c-fos promoter plasmid, three nucleotides GTA (62-60) in 
the CRE region are mutated to TGG, as previously described. 25 

The transfection into human retinal capillary pericytes was con- 
ducted in FCS-free DMEM for 8 hours, with transfection reagent (Fu- 
GENE6; Roche Diagnostic Corp.). After transfection, the cells were 
further incubated in serum-free DMEM for 24 hours and then in DMEM 
containing 1 jig/mL PGD 2 for another 24 hours. After the incubation, 
the cells were washed with PBS, quickly frozen by placing on dry ice, 
and stored at -20°C for luciferase assay. Luciferase activity was assayed 
with a dual-luciferase reporter assay system (Promega Corp., Madison, 
WI). 

Results 

Stimulation of Pericyte Growth by PGs 

To test whether PGs are able to stimulate pericyte growth, 
human retinal pericytes were cultured in serum-free medium 
containing two different concentrations (0.1 and 1 jxg/mL) of 
PGD 2 , -E 2 , and -F 2a or in medium containing 10% FCS as a 
positive control. All three PGs significantly increased the num- 
ber of cells in a dose-dependent manner (Jig. 1). Among these 
three PGs, PGD 2 was consistently the most effective, and the 
increase in cells with 1 u,g/mL PGD 2 was approximately 60% as 
much as with 10% FCS. The increase in cells was statistically 
significant, even at 0. 1 /utg/mL. We also examined the effect of 
another PG, PGI 2 , a well-known muscle dilatator (Fig. 2). Un- 
like the other three PGs, PGI 2 caused a slight, but not statisti- 
cally significant, decrease in the number of pericytes. 

To confirm that the increase in cells by PGD 2 is due to 
increased cell growth rather than cell survival, DNA synthesis 
was also examined with a BrdU incorporation assay. When the 
cells were stimulated with 1 ptg/mL PGD 2 , DNA synthesis 
significantly increased (Fig. 3), confirming that the increase of 
cell number by PGD 2 is due to increased proliferation of 
pericytes. 

Expression of PG Receptors 

Because the these results indicated that retinal pericytes re- 
sponded to exogenous PGD 2 and two other PGs, PGE 2 and 
■^rr. we nex * tested whether they express the necessary PG 
receptors (Fig. 4). RT-PCR detected mRNAs corresponding to 
the receptors for PGD 2 (DP), -E 2 (EP, and EP 2 ), -F 2 (FP), and -I 2 
OP), in human retinal capillary' pericytes. The expression pat- 



A. PGD 2 




(1 ug/ml) (0.1 ug/ml) 



B. PGE 2 




(1 ug/ml) (0.1 ug/ml) 

Figure 1. The effects of (A) PGD 2 , (B) PDE 2 , and (C) PGF 2 „ on the 
growth of human retinal capillary pericytes. Human pericytes were 
cultured in 96-well plates for 3 days in DMEM containing no growth 
factors (FCS[ — J) or in media containing 10% FCS or 1 or 0.1 jig/mL 
PGI) 2 . The number of vital cells in each well was determined by the 
formation of formazan products. The data are expressed as the mean 
ratio of absorbance ± SEM at 570 nm against that of the control cells 
cultured without any growth factors in — 6). 
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Figure 2, The effects of PGI 2 on the growth of human retinal capil- 
lary pericytes. Human pericytes were cultured in 9<>well plates for 3 
days in DM EM containing no growth factors (FCS(-J) or DM KM con- 
taining 10% FCS or 1 u.g/mL PG1 2 . The number of vital cells in each 
well was determined by the formation of formazan products. The data 
are expressed as the mean ratio of absorbance ± SEM at 570 nm against 
that of the control cells cultured without any growth factors in = 6). 

tern of these receptors appeared to be cell-type specific. For 
example, DP and FP were not detected by RT-PCR in two 
lymphocytic cell lines, Raji and SKW6.4, although both were 
clearly present in human pericytes. In addition, the seven- 
transmembrane receptor CRTH2, which has been reported to 
mediate PGD 2 -dependent cell migration of eosinophils and 
basophils, 26 was not detected by RT-PCR in human pericytes 
(data not shown). 

Induction of the c-Fos Gene by PGD 2 

To explore the mechanism by which PGs stimulate pericyte 
growth, we next examined the expression of the early-re- 
sponse gene, c-fos, by RT-PCR (Fig. 5). c-Fos mRNA was barely 
detected in human retinal capillary pericytes cultured for 12 
hours in unsupplemented DMEM. However, when the cells 
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Figure 3. The effects of PGD 2 on DNA synthesis. Human pericytes 
were cultured in 96-well plates for 3 days in serum-free DMEM 
(FCS[-l) or DMEM containing 10% FCS or 1 u-g/mL PGD 2 . After 
labeling with BrdU for 4 hours, BrdU incorporated into newly formed 
DNAs was assayed spectrophotometrically at 370 nm. The data are 
expressed as the mean ratio of absorbance ± SEM at 370 nm (adjusted 
by absorbance at 490 nm) against that of the control cells cultured in 
serum-free medium in = 6). 



DP 



EP, 



EP. 



FP 



IP 



GAPDH 



Pericytes Raji SKW6.4 




214 bp 



247 bp 



229 bp 



263 bp 



271 bp 



420 bp 



Figure 4. Expression of PG receptor mRNAs (RT-PCR) in human 
retinal capillar)' pericytes and two human leukemia cell lines, Raji and 
SKW6.4. 



were stimulated by 1 jxg/mL PGD 2 , the expression of c-fos 
mRNA quickly increased, reaching a maximum at 1 hour after 
stimulation and then gradually decreasing (Fig. 5A). Both PGE 2 
and -F 2 „ also strongly induced c-fos mRNAs (Fig. 5B), but 
PGD 2 , which had the greatest effect on cell growth, also 
showed the strongest stimulation of c-fos mRNA. These find- 
ings suggest that stimulation of pericyte growth by PGs may be 
partly due to their ability to induce expression of the immedi- 
ate early gene, cfos. 



A. Time course of c-fos mRNA expression 
by PGD 2 
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B. Induction of c-fos mRNA by FCS and PGs 
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Figure 5. Expression of c-fos mRNA induced by FCS and various FGs 
(RT-PCR). (A) Time course of c-fos expression in human retinal peri- 
cytes after the stimulation by incubating in DMEM containing 1 /xg/mL 
PGD 2 at 37°C. (B) c-Fos expression induced by stimulation with 10% 
FCS or 1 /Ag/mL PGD 2> -E 2 , -F 2 , or -1 2 at 37°C for 1 hour. Cont., no 
stimulant. 
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Figure 6. Activation of p44/42 MAPK (Erk 1 /2) and p38 MAPK by FCS 
and PGD 2 . Human retinal capillary pericytes maintained in serum-free 
DM EM for 12 hours were stimulated by replacing the medium with 
DMEM containing no stimulant (Cont.), 10% FCS or 1 /ig/mL PGD 2 for 
10 minutes Activation of p44/42 MAPK and p38 MAPK was detected 
by Western blot analysis with antibodies against non-phospho- or 
phospho-p44/42 MAPK and -p38 MAPK. 



Effects of PGD 2 on Activation of p44/42 MAPK 
(Erkl/2) and p38 MAPK 

To explore the mechanism by which PGs induce c-fos mRNA 
and stimulate cell growth, we next examined the effect of 
PGD 2 on the phosphorylation state of the MAPKs, signaling 
enzymes involved in growth regulation in many cell types. 
Although PGD 2 strongly stimulated pericyte growth, we did 
not detect significant levels of the phosphorylated, active 
forms of p44/42 MAPK (Erkl/2) or p38 MAPK in cells treated 
with 1 jxg/mL PGD 2 (Fig. 6). In contrast, when human retinal 
capillary pericytes were stimulated by 10% FCS, the activation 
of both p44/42 and p38 MAPKs was clearly detected. Occa- 
sionally, slight positive staining with antibody against phospho- 
p44/42 MAPK was observed after stimulation by PGD 2 . How- 
ever, in view of the strong effect of PGD 2 on cell growth, it 
seemed unlikely that the MAPK pathway was the major signal- 
ing pathway used by this PG. 

Activation of CREB by PGD 2 

An alternative mechanism for induction of c-fos mRNA is acti- 
vation of CREB. To test whether PGD 2 signaling might be 
mediated by CREB, we examined the relative concentration of 
the phosphorylated, active protein in the presence and ab- 
sence of PGD 2 (Fig. 7). Phosphorylation of CREB was not 
detected in cells cultured in serum-free DMEM for 12 hours. 
However, when the cells were stimulated with 1 ptg/mL PGD 2 , 
CREB was quickly activated. Phosphorylated CREB was de- 
tected within 5 minutes (Fig. 7A). Positive staining for phos- 
phorylated CREB was continuously detectable for at least 1 
hour and gradually decreased at later times. By 2 hours after the 
stimulation by PGD 2 , the phosphorylated CREB was almost 
undetectable. When the adenylyl cyclase inhibitor SQ22536 
was added to the medium, the activation of CREB by PGD 2 was 
significantly reduced (Fig. 7B). 

Reduction of PGD 2 -Induced c-Fos mRNA by 
Inhibition of Adenyl Cyclase 

To confirm the involvement of the cAMP signaling pathway in 
PGD 2 -induced cell growth, we also investigated the effects of 
the adenylyl cyclase inhibitor SQ22536 on c-fos expression and 
cell growth induced by PGD 2 . When pericytes were stimulated 
by 1 /xg/mL PGD 2 , the induction of c-fos mRNA was clearly 
detected. This c-fos induction by PGD 2 was significantly re- 
duced when SQ22536 was added to the medium (Tig. 8A). At 
a 1-mM concentration, SQ22536 almost completely eliminated 



the induction of c-fos by PGD 2 . SQ22536 also reduced FCS- 
dependent induction of c-fos mRNA (Fig. 8B), but this effect 
was minor when compared with the inhibition of PGD 2 -depen- 
dent induction. 

Reduction of PGD 2 -Induced Cell Growth by 
Inhibition of Adenyl Cyclase 

In the absence of the adenylyl cyclase inhibitor SQ22536, the 
addition of 1 /xg/mL PGD 2 to the medium increased the num- 
ber of human retinal pericytes by approximately 44%, com- 
pared with that cultured in serum-free and PGD 2 -free medium 
for 3 days. When SQ22536 was added, PGD 2 -induced cell 
growth was significantly reduced (Tig. 9). With 0.1- and 1-mM 
concentrations of SQ22536, the increase in cells by PGD 2 was 
only 20% and 16%, respectively. At both concentrations, the 
inhibition of PGD 2 -induced cell growth by SQ22536 was sta- 
tistically significant. 

Elimination of PGD 2 -Induced c-Fos Expression by 
Mutation in the CRE of the c-Fos Promoter 

As an additional test of CREB involvement the induction of 
c-fos mRNA by PGD 2 , the c-fos promoter gene, coupled with 
the luciferase reporter gene, was transfected into human reti- 
nal pericytes and c-fos mRNA induction by PGD 2 was exam- 
ined (Fig. 10). No significant luciferase activity was detected in 
unstimulated cells transfected with the either the wild-type 
c-fos promoter or the promoter containing a mutation in the 
CRE. However, when stimulated with 1 jxg/mL PGD 2 , the cells 
carrying the wild-type c-fos promoter gene displayed signifi- 
cant luciferase activity, whereas those carrying the mutation in 
CRE did not (Fig. 10). Thus, an intact CRE site is required for 
the induction of c-fos by PGD 2 . 



A. Time course of CREB activation 
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Figure 7. Activation of CREB by PGD 2 . (A) Time course of CREB 
activation in human retinal capillary pericytes stimulated by 1 /xg/mL 
PGD 2 for 2 hours. (B) Inhibition of CREB activation by SQ22536. 
Human pericytes were stimulated by incubation for 10 minutes in 
serum-free DMEM (Cont.), DMEM containing 1 fig/mL PGD 2 , or me- 
dium containing 1 fig/mL PGD 2 and 0.1 mM SQ22536. The activation 
of CREB was detected by Western blot analysis with antibodies against 
phospho- and non-phospho-CREB. 
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Figure 8. Inhibition of PDG 2 -induced c-fos mRNA expression by ad- 
enylyl cyclase inhibitor SQ22536 (RT-PCR). (A) c-Fos mRNA expres- 
sion induced by PGD 2 . Human pericytes maintained in FCS-free DM EM 
for 12 hours were stimulated by incubating at 37°C for 1 hour in serum 
free-DMEM (Control), the medium containing 1 ptg/mL PGD 2 , the 
medium containing both 1 jj,g/mL PGD 2 and 0.1 mM SQ22536, or the 
medium containing 1 ug/mL PGD 2 and 1 mM SQ222536. (B) c-Fos 
expression by FCS. The same cells were incubated at 37°C for 1 hour 
in serum-free medium, medium containing 10% FCS, the medium 
containing 10% FCS and 0.1 mM SQ22536, or the medium containing 
10% FCS and 1 mM SQ22536. 



Induction of VEGF mRNA by PGD 2 in Human 
Retinal Pericytes 

Because VEGF is a key growth factor for retinal neovascular- 
ization, we also investigated whether stimulation of pericyte 
proliferation by PGD 2 affects the expression levels of VEGF 
mRNA (Fig. 1 1). VEGF mRNA was barely detectable in resting 
pericytes. However, when human pericytes were stimulated 
with 1 /xg/mL PGD 2 , the relative concentration of VEGF mRNA 
steadily increased over a 7-hour period. In the presence of 1 
mM SQ22536, this PGD 2 induction of VEGF mRNA was almost 
completely blocked (Fig. 12). This indicates that PGD 2 is a 
potent inducer of VEGF mRNA in retinal pericytes, and the 
cAMP pathway is also the major signaling pathway for the 
induction of VEGF mRNA. 

Discussion 

PGD 2 is formed by isomerization of PGH 2 , the primary product 
of arachidonic acid metabolism by cyclooxygenases. PGD is 
further metabolized to 9a,l 1£-PGF 2 „ and/or the J series of 
prostanoids such as A I2 -PGJ 2 or 15-deoxy-A ,2U -PGJ 2 and dis- 
plays a variety of physiological and pathologic functions, such 
as sleep induction, regulation of body temperature, hormone 
release, and nociception (see the recent review by Urade and 
Hayaishi 27 ). PGD 2 is especially important as the major mediator 
in allergic asthma. 28 It also has been reported that PGD 2 in- 




Control PGD 2 PGD 2 PGD 2 
(1 ug/ml) SQ22536 SQ22536 
(0.1 mM) (1 mM) 

Figure 9. Inhibition of PGD 2 -induced cell growth by adenylyl cyclase 
inhibitor SQ22536. Human retinal pericytes were plated into 96-welI 
plates (2.5 X 10 4 cells per well) and cultured at 37°C for 3 days in 100 
(jlL DMEM containing no growth factor (control), 1 /xg/mL PGD 2 , 1 
/ng/mL PGD 2 , and 0.1 mM SQ22536, or 1 fxg/mL PGD 2 and 1 mM 
SQ22536. The data are the relative mean number of cells ± SEM, 
assayed by formazan metabolite formation, against the number of 
nonstimulated control cells (« = 8). 



duces the early response genes zif-268 and tis-1 mRNAs in 
retinal pigment epithelial cells. 29 The present study also dem- 
onstrates that PGD 2 is essential as a stimulator of pericyte 
growth. Stimulation of PDG 2 induces rapid expression of c-fos 
mRNA and enhances the growth of retinal capillary pericytes. 
Although both PGE 2 and PGF 2 „ have displayed similar effects 
on pericyte growth, PGD 2 is more effective than those PGs in 
inducing the early response gene c-fos and in stimulating peri- 
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Figure 10. Reporter gene assay of cfos expression by PGD 2 . Human 
pericytes were transfected with the expression vector pSVOAAS' in 
which the cfos promoter gene was inserted upstream of the luciferase 
gene. One of the plasmids contained the wild-type cfos promoter 
(wild-type CRE), and the other contained the mutant CRE. After trans- 
fection, the cells were incubated in the presence or absence of I 
p.g/mL PGD 2 for 24 hours, and mean luciferase activity ± SEM was 
assayed using a dual-luciferase reporter assay (n - 8). 
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cyte growth. PG1 2 , however, which is also formed from PGH 2 , 
neither induced c-fos mRNA nor stimulated growth of human 
retinal pericytes. PGI 2 is structurally and functionally distinct 
from PGD 2 , -E 2 , and -F 2t ,, and often opposes the action of these 
three PGs. For example, PGI 2 is a vessel dilatator and inhibits 
the growth of smooth muscle cells, whereas PGE 2 and -F 2rt 
cause vessel contraction and stimulate the growth of smooth 
muscle cells. 

Although PGD 2 and FCS both induce the expression of the 
early response gene c-fos and enhance the growth of capillary 
pericytes, the signaling pathways used appear to be distinct. It 
has been well established that p44/42 MAPK (ERK1/2) path- 
way is the major signaling pathway of ceil growth and/or 
differentiation by various growth factors and lymphokines. 30,31 
Indeed, this study confirms that treating retinal pericytes with 
FCS activates p44/42 MAPK and, to a lesser extent, p38 MAPK. 
In contrast, the activation of p44/42 or p38 MAPK was barely 
detectable after stimulation by PGD 2 , indicating that the MAPK 
pathway is unlikely to be the major signaling pathway in 
PGD 2 -induced pericyte growth. 

Our data indicate that the major signaling by PGD 2 in retinal 
pericytes goes through the cAMP pathway, which eventually 
activates the transcriptional regulator, CREB. PGs are known to 
bind to specific cell surface receptors, activating a G-protein 
cascade that leads to activation of adenylyl cyclase, increased 
levels of cAMP, and activation of protein kinase A (PKA). 32 
PKA, in turn, activates the transcription factor CREB, 3534 
which has been implicated in c-fos induction in many cell 



types. 



35,36 



The present study demonstrates that CREB is 



quickly activated when retinal pericytes are treated with PGD 2 , 
and the phosphorylated CREB is detectable within 5 to 10 
minutes. The adenylyl cyclase inhibitor SQ22536 significantly 
reduced PGD 2 -dependent CREB phosphorylation and inhibited 
PGD 2 -induced c-fos mRNA expression and cell growth. More- 
over, in a reporter gene study, PGD 2 stimulated transcription of 
the wild-type c-fos promoter, but had no effect on transcription 
of the c-fos promoter with a mutation in the CRE site. To- 
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Figure 11. Induction of VEGF mRNA by PGD 2 . Human pericytes 
maintained in serum-free medium for 12 hours were stimulated by 
replacing the medium with DMEM containing 1 jxg/mL PGD 2 . The 
VEGF mRNA was detected by RT-PCR. Data represent the ratio of the 
density of VEGF against that of GAPDH. 
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Figure 12. Inhibition of PGD 2 -induced VEGF mRNA by the adenylyl 
cyclase inhibitor SQ22536 (RT-PCR). Human pericytes maintained in 
serum-free medium for 12 hours were stimulated for 5 hours by 
replacing the medium with DMEM containing I /ig/mL PGD 2 in the 
presence or absence of 1 mM SQ22536. 



gether, these findings support the view that the activation of 
CREB through the cAMP pathway is an essential early event in 
PGD 2 -mediated c-fos induction and pericyte growth. 

Although PGs are well-established inflammatory mediators, 
several observations suggest that PGD 2 also have important 
physiological roles in the eye. PGD 2 is widely detected in most 
eye tissues, including retina. 37 Although retinal pigment epi- 
thelium is the major site of PGD synthetase expression in rat 
retina, PGD synthetase activity is found at high levels in extra- 
cellular locations, such as interphotoreceptor matrix and vit- 
reous and aqueous humors. 38 39 The finding that DP receptor 
mRNA is expressed in epithelial cells of iris and ciliary body 
and in photoreceptor cells has led to the speculation that PGD 2 
is important in regulation of intraocular pressure and in the 
vision process. 40 Considering the high levels of PGD 2 in retina, 
the finding that PGD 2 affects pericyte growth raises the possi- 
bility that it may be also important in maintaining the normal 
function of retinal capillaries. 

Finally, in this study, PGD 2 treatment of retinal pericytes 
enhanced the expression of VEGF mRNA, a key growth factor 
in retinal neovascularization. 2 Recently, angiotensin II (Ang II), 
a factor known to activate CREB in rat smooth muscle cells, 41 
has been shown to induce VEGF expression in bovine retinal 
pericytes. 18 Ang II-dependent VEGF induction can be elimi- 
nated by c-fos antisense, 18 demonstrating that elevation of c-fos 
mRNA is necessary for VEGF induction. Indeed, many VEGF 
induction pathways lead to activation of the AP-1 transcription 
factor, of which c-Fos is a component. 42 Together, these find- 
ings further support the view that CREB-dependent induction 
of c-fos mRNA is an important step in the induction of VEGF 
expression in retinal pericytes. Moreover, the finding that 
PGD 2 activates this CREB-dependent pathway in pericytes may 
provide a partial explanation for the known link between 
angiogenesis and chronic inflammation. 3 
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Angiotensin H-Stimulated Vascular Endothelial Growth 
Factor Expression in Bovine Retinal Pericytes 

Atsushi Otani? Hitoshi Takagi 1 Hideyasu Oh, 1 Kiyosbi Suzuma, 1 Miyo Matsumura? 
Eiji Ikeda, 2 and Yoshihito Honda 1 

Purpose. Angiotensin II (All) has been shown to play a role in many vascular diseases. In the study 
described, the effect of All on vascular endothelial growth factor (VEGF) expression and related 
intracellular signaling mechanism was investigated in bovine retinal microcapiUary pericytes. 
Methods. Cultured bovine retinal microvascular endothelial cells and pericytes were prepared. 
VEGF expression was determined by Northern blot analysis and immunoprecipitation assay. Cell 
proliferation was assessed by DNA content growth assay. Reporter gene studies were performed to 
identify the AH responsible transcription-activating region of VEGF gene. 

Results. Angiotensin n induced a significant increase in VEGF mRNA in a time- and dose-dependent 
manner Angiotensin U type I receptor antagonist inhibited this effect. Angiotensin II activates the 
transcription of VEGF gene without changing the mRNA half-life, and the An responsible region was 
found in die 5' flanking region of the VEGF gene. Angiotensin n also increased the expression of c-fos 
and c-jun mRNA, and antisense oligonucleotides against c-Fos blocked die All-induced VEGF mRNA 
expression The conditioned media of AH-stimuIated pericyte cultures had a growth-promoting effect 
on endodielial cells, and diis effect was inhibited almost completely by VEGF neutralizing antibody. 

Conclusions. These findings suggest that All might induce angiogenic activity through a paracrine 
function of VEGF in retinal microvascular cells. (Invest Ophthalmol Vis Set. 2000;4l:l 192-1 199) 



Retinopathy is a major complication of diabetes mellitus 
and is one of the leading causes of vision loss in devel- 
oped countries. 1 Recent studies have shown that vas- 
cular endodielial growth factor (VEGF) plays a major role in the 
initiation and development of this particular form of retinopa- 
Uiy. VEGF is a potent angiogenic factor 2 " 4 and vasopermeabil- 
ity factor* and has been reported to generate a procoagulant 
state by induction of von WUlebrand factor and a tissue fac- 
tor. 56 VEGF per se is sufficient to produce many of the vascular 
abnomialities common to diabetic retinopadiy, 7 and an in- 
crease in VEGF expression is seen in retinas of diabetic patients 
with little or no retinopathy 8 Furthermore, VEGF expression is 
increased by ischemia, 9 and suppression of VEGF has been 
shown to inhibit neovascularization in animal models of retinal 
ischemia. 1011 VEGF levels are elevated also in patients with 
proliferative retinopathy and decrease after successful laser 
treatment, 12 ' 13 suggesting its importance in the early mid pro- 
liferative stage of retinopathy. 

Angiotensin II (All) is known to be a key factor in cardio- 
vascular homeostasis, and one that has many functions. 14 An- 
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giotensin II also has a growdvpromoting effect and has been 
reported to regulate the growdi of vascular smooth muscle 
cells (SMCs) 15 and to stimulate die induction of many growdi 
factors. 16 " 19 Based on these experimental data and clinical 
evidence, the renin-angiotensin system (RAS) is thought to 
play an important role in many cardiovascular disorders. Re- 
cent studies suggest that abnormalities in the RAS play a role 
also in die progression of diabetic nephropathy and retmopa- 
diy. 20 " 24 hi diabetic retinopathy, angiotensinconverting en- 
zyme (ACE) inhibitors have been reported to improve the 
blood-retina barrier and to have favorable effects on patients 
with diabetic retinopathy. 24,25 Furthermore, intraocular and 
serum levels of All, prorenin, and ACE have been reported to 
be correlated with the severity of retinopathy. 20 " 22 

VEGF mediates its effects dirough endothelial cell-spe- 
cific, high affinity phosphotyrosine kinase receptors: F1M 
(VEGFR1) 25 and KDR/Flk-1 (VEGFR2). 25-27 Recendy VEGFs 
have been found to appear to interact widi a neuronal cell- 
guidance receptor, neuropilin-1 (N1M). 2 * Previously, we re- 
ported that All potentiates VEGF-mediated angiogenic activi- 
ties of bovine retinal endodielial cells (BRECs) through 
upreguiation of VEGFR2 expression, which suggests a substan- 
tial role for RAS in die pathogenesis of diabetic retinopathy. 29 
hi that study, we found no stimulatory effect of AH on VEGF 
expression in BRECs. In contrast, a stimulatory effect of All on 
VEGF expression has recently been reported in human vascular 
SMCs 30 and rat heart endothelial cells. 31 

To further investigate how die RAS is involved in the 
padiogenesis of diabetic retmopadiy, we determined the effect 
of AH on VEGF expression in bovine retinal microcapiUary 
pericytes (BRPs), which are the odier component cells of 
retinal microvasculature. 
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Methods 

Cell Cultures 

Primary cultures of BRPs and BRECs were isolated as previously 
described. 52 Briefly, bovine retinas were homogenized and the 
homogenate was passed over 2 10-, 88-, and 53- nylon 
meshes (Nippon Kikagaku Kikai, Tokyo, Japan). The materials 
caught up by the 53- and 88-/xm meshes were plated on die 
fibronectin-coated dishes (iwaki, Tokyo, Japan). BRPs (fraction 
from 53-/xm mesh) were grown with Dulbecco's modified 
Eagle's medium (DMEM) widi 15% fetal bovine serum (FBS; 
Wheaton, Pipersvilie, PA). BRECs (fractions from both 88- and 
53-juun mesh) were cultured in DMEM with 5.5 mM glucose, 
10% plasma- derived horse serum (PDHS; Wheaton), 50 mg/I 
heparin, and 50 U/l endothelial cell growth factor (Boehringer 
Mannheim, Indianapolis, IN). To keep homogeneity of the 
cells, contaminated cells were excluded by a weeding proce- 
dure. 33 When die cells reached subconfluence, BRPs were 
passaged after trypsinization, and cells from the 2nd and 3rd 
passages were used for die experiments after serum starvation 
with 0.5% PDHS for BRECs and 0.1% bovine serum albumin 
(BSA) for BRPs. For All receptor antagonist studies, we used 1 
IjlM of All type 1 receptor (AT^-specific antagonist DuP735 
(Merck Research Laboratories, Railway, NJ), a nonpeptide im- 
idazole derivative 34 or nonpeptide All type 2 receptor (AT^ 
antagonist, PD 1233 19 (Research Biochemicals International, 
Natick, MA) 35 for 15 minutes, followed by stimulation with All 
for 3 hours, In all experiments we used vehicle (DMEM con- 
taining 0.1% BSA) as control. 

Pericyte and Endothelial Cell Identification 

Endothelial cell homogeneity was confirmed by immunoreac- 
tivity with anti-factor VIII antibodies (Dako, Glostrup, Den- 
mark) analyzed by confocal microscopy. Pericyte homogeneity 
were confirmed by its characteristic features 33 and immunore- 
activity with 3G5 monoclonal antibodies 36 (a generous gift 
from George L. King, Joslin Diabetes Center, Boston, MA) that 
was negative for SMCs. To avoid contamination of endothelial 
cells and glial cells, we connrmed the negative immunoreac- 
tivities for anti-factor VIII antibodies or anti- glial fibrillary 
acidic protein, respectively, by confocal microscopy. 

Northern Blot Analysis 

Total RNA was isolated from individual tissue culture plates 
using guanidine tliiocyanate. 37 Northern blot analysis was per- 
formed on 15 /xg total RNA after 1% agarose-2 M formaldehyde 
gel electrophoresis and subsequent capillary transfer to Bio- 
dyne nylon membranes (Pall BioSupport, East Hills, NY) and 
ultraviolet cross-linking using a FUNA-UV-LINKER (model FS- 
1500; Funakoshi, Tokyo, Japan). Radioactive probes were gen- 
erated using Amersham Megaprime labeling kits and 32 P-dCTP 
(DuPont, Wilmington, DE). Blots were prehybridized, hybrid- 
ized, and washed in 0.5 X SSC, 5% sodium dodecyl sulfate (SDS) 
at 65°C with 4 changes over 1 hour in a rotating hybridization 
oven (TAITEC, Kosjiigaya, Japan). All signals were analyzed 
using a densitometer (model BAS-2000H; Fuji Photograph Film, 
Tokyo, Japan), and lane loading differences were normalized 
using a 36B4 cDNA probe, which hybridizes to acidic ribo- 
somal phosphoprotein PC 38 Human VEGF cDNA (generously 
provided by Loyd P. Aiello, Boston, MA), 39 c-fos DNA (Takara 
shuzo, Shiga, Japan), 40 and c-jun cDNA (Calbiochem, La Jolla, 
CA) 41 were used as probes. 
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Analysis of VEGF mRNA Half-Life 

To determine whether the increase in VEGF mRNA was caused 
by an increase in transcription, BRPs were exposed to 5 p.g/ml 
actinomycin D (Wako, Osaka, Japan) after 3 hours of incuba- 
tion with vehicle or All (10 nM). The total RNA was then 
extracted, and Northern blot analysis was performed. 

VEGF Protein Synthesis 

Subconfluent cultures of BRPs were treated with 10 nM All or 
vehicle for 3 hours. The culture media were then replaced with 
labeling media (DMEM minus methionine and cysteine, 100 
jutCi 3S S-methionine and cysteine) supplemented with All or 
vehicle, as described above. After 2 hours' incubation, the 
medium was removed and the cells were lysed in solubilizing 
buffer (50 mM HEPES, pH 7.4, 10 mM EDTA, 100 mM NaF, 10 
mM Na pyrophosphate, 1% Triton X-100, 10 mM NaV0 4 , 10 
/xg/ml leupeptm, 10 tig/ml aprotinin, and 2 mM phenylmetlv 
ylsulfonyl fluoride) at 4°C for 1 hour. Protein concentrations 
were measured by the Pierce BCA procedure (BCA protein 
assay; Pierce, Rockford, IL). Specific antibody to VEGF (50 
ng/ml; Santa Cruz Biotechnology, Santa Cruz, CA) was added to 
the protein samples (500 /xg) and rocked at 4°C for 1.5 hours, 
and then 10 u-g protein A Sepharose was added and rocked for 
another 1 .5 hours at 4°C. Protein A Sepharose antigen antibody 
conjugates were separated by centrifugation, washed 5 times, 
and boiled for 3 minutes in Laemmli sample buffer to denature. 
The samples were separated by 7.5% SDS-polyacrylamide gel 
(Bio-Rad Laboratories, Richmond, CA), and die gel was vac- 
uum dried. Results were visualized and quantified by a BAS- 
2000II densitometer (Fuji Photograph Film) 

Reporter Gene Studies 

A series of plasmid constructs were made from a genomic DNA 
clone of the human VEGF gene, 42 which contained approxi- 
mately 2.5 kb of the 5'-flanking region with the putative pro- 
moter and 1 kb of the 5 '-untranslated region diat was gener- 
ously provided by Scios (Sunnyvale, CA). 43 These constructs 
have a series of deletion constructs of a region from 80 bp up 
to 3.2 kb upstream of die translation start site of the VEGF gene 
and subcloned upstream of the luciferase gene in the promot- 
eriess luciferase reporter vector pGL2-basic vector G'romega, 
Madison, WT), as shown Figure 3. As a control plasmid, we 
used renilla luciferase pRL-SV40 vector (Toyo Ink, Tokyo, Ja- 
pan). Plasmids were transfected into BRPs by LipofectAMINE 
reagent (Life Technologies, Gaidiersburg, MD). BRPs were 
seeded in 35-mm-diameter culture dishes (Iwaki) and incu- 
bated until the cells became subconfluent. A total of 1 .5 /xg test 
plasmid and 0.05 /xg control plasmid was mixed with Lipo- 
fectAMINE and added to the cells. After 5 hours' incubation, 
the mixture was replaced by normal growth medium and 
incubated an additional 20 hours. The cells were serum-de- 
prived for 24 hours and dien stimulated widi 10 nM All or 
vehicle for 18 hours. Cell extracts were dien prepared by Lysis 
Buffer (Toyo Ink), and luciferase and renilla luciferase activity 
were measured by Luminoskan (Labsystems, Helsinki, Finland) 
with a Luciferase Dual Assay System (Toyo Ink). To standardize 
the transfection efficiency, luciferase activity was divided by 
renilla luciferase activity, and the degree of induction by All for 
each test plasmid was determined as die ratio of standardized 
luciferase activity in All-treated cells to that in vehicle-treated 
cells. 
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Antisense Oligonucleotide Inhibition 

Antisensc oligonucleotides .to the 5' ends of c-fos (5'-TGCGT- 
TGAAGCCCG AGAA-3 ') and SIM (5 '-CACCACAGCTGTCATT- 
TCATCCATGG-3 ' ) and die corresponding sense oligonucleo- 
tides diat were purified by high-performance liquid column 
chromatography were prepared. As described before, these 
oligonucleotides were transfected into the ceUs without any 
treatment. After cells were incubated with DMEM containing 
1% FBS for 40 hours, 5 julM oligonucleotides were added and 
incubated an additional 8 hours. The cells were then washed 
with serum-free DMEM and incubated with or without 10 nM 
All for 4 hours. 

BREC Growth Assay 

Serum-deprived BRl>s were treated with AD (10 nM) or vehicle 
for 24 hours, and the conditioned medium was prepared. 
BRECs were plated in 24-well plates (Iwaki) at a density of 3 X 
10 3 cells/well in DMEM containing 10% calf serum (GIBCO, 
Grand Island, NY). After 24 hours at 37°C, the medium was 
replaced with die conditioned medium. After 4 days' incuba- 
tion 4 * the cells were lysed and DNA concentrations in each 
well were measured by DyNA Quant 200 (Hofer, San Francisco, 
CA). 

Statistical Analysis 

Determinations were performed in triplicate, and experiments 
were performed at least three times. Results were expressed as 
mean ± SE, unless otherwise indicated. For multiple treatment 
groups, a factorial ANOVA followed by Fisher's least significant 
difference test was performed. Statistical significance was ac- 
cepted at P < 0.05. 



Results 

Effects of AD on VEGF mRNA Expression in BRPs 

From results of several independent experiments it was dear 
dvat the effect of All (10 nM) was time-dependent, with a 
maximal 6.5 ± 0.4-fold increase at 4 hours (P < 0.01), which 
diminished progressively up to 12 hours (Fig. 1A). To define 
the concentration dependency of All-induced VEGF mRNA 
expression in BRPs, we used die 3-hour time point, hi this 
experiment, All,' 3 to 100 nM, significantly stimulated the 
induction of VEGF mRNA with an EC 50 of approximately 3 nM 
and a maximal 3.1 ± 0.7-fold (P < 0.01) increase at 10 nM (Fig. 
IB). AT t antagonist but not AT 2 antagonist inhibited the All- 
induced VEGF mRNA expression (P < 0.05; Fig. 1C). 

Effect of AH on Half-life of VEGF mRNA 

Cells were treated widi actinomycin D (5 /xg/ml), a de novo 
gene transcription inhibitor, and Northern blot analysis was 
performed to measure VEGF mRNA levels. The half-life of 
VEGF mRNA without All was 2.1 hours, and after All exposure 
die half-life had not changed significantly (Fig. 2). 

All-Responsible Region in 5' Flanking Region of 
VEGF Gene 

Induced luciferase activity by All was observed in cells trans- 
fected with Kpn\-Nar\ (-3317 to -81), Spe\-Nhe\ (-2848 to 
-984), and Sac\-Nhe\ (-2218 to -984) sites; however, no 
induction was observed in Ban\-Nhe\ (- 1925 to -984), Pst\- 
Nbel (-1828 to -984), or Apa\-Nbe\ (-1169 to -984) frag- 
ment-transfected cells (Fig. 3). Two plates were transfected 
for each test plasmid at the same time, and three independent 
experiments were performed. From these data it appears that 
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Figube 2. Effect of actinomycin D (ACD) on VEGF mRNA expression 
in response to An in BRPs. BRPs were exposed to either vehicle or All 
(10 nM) for 3 hours, ancTde novo mUNA transcription was inhibited by 
die addition of ACD 5 *»M. Total RNA was extracted at 1 hour and 3 
hours, and Nordiern blot analysis was performed to detect VEGF 
mRNA level. The .y-axis represents VEGF mRNA level and x-axis rep- 
resents time alter treatment. Each plot is a percentage of 0 hour value 
in logarithmic scale. The half-lives are indicated by drawing a line at 
the 50% point. Data from three independent experiments (« = 3) are 
shown. 

an All-responsible region is located in the Sacl-Banl fragment 
(293 bp, -2218 to -1926, indicated by the solid underline in 
Fig- 3). 

All-Stii^^e^c^^and _c-jf«^ 
"liTFericytes 

^The All^ponsible fragment of the VEGF gene that we found 
in this study contains potential binding sites for transcription 
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Figure 4. All-stimulated c-fos and c-jun mRNA expression in BRPs. 
Total RNA was isolated at the indicated times after being stimulated 
widi 10 nM AH. Nordiern blot analysis was performed widi cDNA 
probes for c-fos and c-jun. Representative blots from three experi- 
ments (« - 3, #P < 0.0001, *P < 0.0001) are shown (top). 



factors SP-1, AIM, and HIF-1. 3537 To investigate the role of 
AIM in All-induced VEGF expression, we performed Northern 
blot analysis. By stimulation with 10 nM All, 12.5 ± 0.7-fold 
(P < 0.001, at 1 hour) and 4 A ± 0.1-fold (P < 0.001, at 2 
hours) increases in c-fos and c-jun mRNA expression were 
observed, respectively (Fig. 4). 

Inhibition of VEGF mRNA Production by 
Antisense Oligonucleotides Against c-Fos 

To further examine the transcriptional factors involved in All- 
induced VEGF expression, we assessed die effects of antisense 
oligonucleotides targeted against c-Fos and SP-1. BRPs were 
pretreated widi 5 /iJM oligonucleotides for 8 hours before 



Figure 3. VEGF-luciferase deletion 
constructs and degrees of induction 
by All stimulation. (A) Linear map of 
die 5 '-flanking and 5 '-untranslated re- 
gions of the human VEGF gene. Nu- 
cleotides were numbered from die 
translation start site, and die tran- 
scription start site is indicated witli 
an arrow. (B) VEGF-luciferase dele- 
tion constructs and degrees of induc- 
tion by All. Data from diree indepen- 
dent experiments (m = 3) are shown. 
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Figure 5. The effects of antisense oligonucleotides targeted against 
c-Fos and SP-1. BRP were pretreated with 5 u.M oligonucleotides for 8 
hours before stimulation with All for 4 hours, after which Northern 
blot analysis was performed. The induced VEGF mRNA under each 
condition is shown (n = 3, *P < 0.01). 



stimulation with All. Antisense oligonucleotides against c-Fos 
blocked the All-induced VEGF mRNA expression by 81.5% ± 
11.9% (P < 0.01, Fig. 5). c-Fos sense and SP-1 antisense oligo- 
nucleotides did not affect All-induced VEGF mRNA induction, 
and c-fos antisense oligonucleotides did not affect die basal 
VEGF synthesis (data not shown). 

Increase of VEGF Protein Synthesis by An 

Bands at approximately 23 and 21 kDa were detected by 
immunoprecipitation with a rabbit anti-human VEGF antibody, 
and these are related to VEGF isoforms 165 and 121, respec- 
tively. 43 The major band, which represents VEGF 165, was 
increased 3.7 i 0.6-fold by All stimulation at 10 nM (Fig. 6). 

Growth Effect of Conditioned Medium from 
All-Treated BRPs on BRECs 

From five independent assays, conditioned media of the All- 
treated BRPs increased the proliferation of BRECs 1.5 ± 0.1- 
fold above control media levels (P < 0.01), and this effect was 
inhibited almost completely by adding VEGF neutralizing anti- 
body (R&D Systems, Minneapolis, MN; Fig. 7). 

Discussion 

Pericytes are intramural cells that surround endothelial cells in 
ca^aneTancl' postcapillary venules and have multiple pnysi- 
ologic^mircticrns; including regulation of vascular tone, vascular 
~p8? meabiliry, "an^ endothelial growth and ^iffereiitiation 4 ^" 4a 
TnTeTifiaTm^^ proximal to 

eiScI5ffS£Iial' v ceIis''and are in intimate contact via adhesion 
plaques, gap junctions, and pericytic processes. 49 The ratio of 
pericytes to endothelial cells is higher in die retina than in 
odier tissues, suggesting that interaction between pericytes 
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Figure 6. Immunoprecipitation analysis of All-stimulated VEGF pro- 
tein synthesis. BRPs were treated widi All (10 nM) or vehicle for 24 
hours and labeled with i5 S-mednonine. The cell lysates were incu- 
bated with a specific VEGF antibody and then immunoprecipitated 
with protein A Sepharose. Labeled proteins were visualized and ana- 
lyzed using a densitometer. Three experiments in = 3) were per- 
formed, and representative data are shown. 



and endothelial cells is important in the retinal microcircula- 
tion. To the best of our knowledge, this study is the first to 
demonstrate that AH induces VEGF in retinal microcapillary 
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Figure 7. Conditioned media from All-treated BRPs have growth- 
promoting effect on BRECs. BRPs . were treated with All (10 nM) or 
vehicle for 24 hours, and BRECs were cultured in the conditioned 
medium for 4 days. Cells were lysed, and DNA concentrations in each 
well were measured (« = 5, 'P < 0.01, *P < 0.01). 
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pericytes and that VEGF released by the pericytes stimulates 
retinal endothelial growdi in a paracrine manner. We have 
demonstrated that All significantly increases the level of VEGF 
mRNA in a time- and dose-dependent manner. We also de- 
tected die new protein synthesis of VEGF protein by immuno- 
precipitation assay (Fig. 6). In contrast to our results, a lack of 
significant effect of All on VEGF expression was recently re- 
ported in bovine retinal pericytes. 50 hi that report, the authors 
derived conclusions from the experiments using a single dose 
of 1 ixM All. Our dose-dependent study revealed that peak 
response was observed at 10 nM, and the higher concentra- 
tions had less stimulatory effect on VEGF expression. The 
discrepancy probably results from the lack of dose-dependent 
experiments in that study. The significant response was ob- 
served at concentrations higher than normal circulating levels 
(1 nM). It is likely that local concentrations of All in retinal 
mierovasculature are much higher than serum and vitreous 
levels, because an autocrine -paracrine production system for 
All is present in ocular tissues. 22 

AH has two major receptor subtypes, AT, and AT 2 . 51 Most 
of the actions of All are mediated by AT, , but actions of the AT 2 
are not well understood. 14 In the present study, the effect of 
All on VEGF expression was completely inhibited by the AT, 
receptor antagonist but not by the AT 2 antagonist, suggesting 
that All-induced VEGF expression is mediated by AT, recep- 
tors. Although not to a significant degree, the average VEGF 
expression was increased by AT 2 receptor blockage. This 
might suggest that AT 2 receptors mediate an inhibitory effect 
on VEGF induction, which is in agreement with previous re- 
ports. 52 * 53 However, further study is needed on the distribu- 
tion of All receptors and die changes in the An effect on retinal 
microvascular systems. 

The All-induced increase in VEGF mRNA was rapid and 
peaked at 4 hours (Fig. 1 A). Experiments in which actinomycin 
D was used to inhibit RNA synthesis indicate that the half-life of 
VEGF mRNA is 2.1 hours, which is in concordance widi pre- 
vious reports in SMCs, 54 and All did not primarily change the 
mRNA stability of VEGF (Fig. 2). This suggests that AIBKiuced 
VEGF mRNA induction is most likely through transcriptional 
regulation. To further investigate transcriptional regulation of 
the VEGF gene, we performed transient transfection reporter 
assay using a series of deletion constructs of the 5'-flanking 
region of the human VEGF gene 42 ' 43 As expected, reporter 
gene activities were upregulated by All. hi addition, we found 
diat a 293-bp fragment (Sacl-BanX) of die VEGF gene has a 
responsible element for All stimulation (Fig. 3). ^^teiisu^n, 
is reported to stimulate the expression of c-fosmdc-jun and 
their respective proteins, c-Fos and c-jun, which constitute the 
SSSEsS^FSSa^ik called AP-1, which transactivates many 
^ies that have a TPA responsive element (TRE) in their pro- 
moter' region .^Because the All-responsive region we found 
contains potential binding sites for AIM, we furdier investi- 
gated a role for AIM in the induction of VEGF in BRPs. North- 
ern blot analysis revealed rapid and marked c~jun : and^c-^s 
uTcTuaTonT)y ATnRTfRPs (Fig. 4), and pretreatment with c-fos 
antEcnsc migonucIeotfdS blocked die All-induced VEGF 
mRNA expression (Fig. 5). SP-1 antisense and c-/os sense 
oligonucleotides did not affect All-induced VEGF expression. 
These data might suggest a predominant role of AP-1 and its 
TRE activation in AJ1 induction of VEGF in BRPs. 

To investigate All effects on die retinal pericyte- endothe- 
lial cell paracrine system, we determined growth-promoting 
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effects of conditioned media from All-treated pericyte cultures 
on BRECs. Conditioned media from All-treated BRPs had a 
significantly greater stimulatory effect on BREC proliferation 
than did the media from unstimulated BRPs. As we reported 
previously, All itself had no significant effect on BREC prolif- 
eration. 29 These data suggest that All induces a paracrine 
molecule in BRPs, which activates endothelial cell prolifera- 
tion. Angiotensin II has been reported to regulate the induction 
of several autocrine growth factors, such as platelet-derived 
growth factor (PDGF) A- chain, transforming growdi factor- 0 
(TGF-j3), basic fibroblast growth factor (bFGF), and insulin-like 
growdi factor I (IGF I). 14 " 17 We did not examine the effect of 
All on die regulation of these growth factors in BRPs; however, 
the addition of VEGF neutralizing antibody almost completely 
abolished growth stimulatory capacity of the conditioned me- 
dia (Fig. 7). This observation suggests that VEGF is probably a 
predominant factor that mediates paracrine activation of endo- 
thelial cell growth. 

It has been suggested that the contact between pericytes 
and endothelial cells caused inhibition of endothelial cell 
growth. 48 However, our observation that VEGF, which was 
produced in pericytes, induced endothelial cell growth in a 
paracrine manner indicates a proliferative effect of pericytes, 
hi vivo, pericytes may have both effects, die balance of which 
is important for controlling endothelial cell growth. Under 
normal conditions, pericytes suppress endothelial ceil growdi 
by contact with endothelial cells, but in the later stage of 
diabetic retinopathy, when thickening of the basement mem- 
brane suppresses the contact, the inhibitory effect is overcome 
by its stimulatory effects. Our data suggest that RAS might be 
one of the important factors regulating diis growth-promoting 
effect. Because pericyte loss is very advanced in the later stages 
of diabetic retinopathy, pericytes might contribute little to 
VEGF activity. However, VEGF has been shown to have a 
possible role in the early stages of retinopadiy. This paracrine 
action of VEGF produced by pericytes might be more impor- 
tant in the early stages. 

Together with our previous finding that AH potentiates 
VEGF-induced angiogenic activity through upregulation of 
VEGF receptor in retinal endothelial cells, 29 die present study 
furdier clarifies the role of RAS in the development of diabetic 
retinopathy. Angiotensin II has a prominent stimulatory effect 
not only on VEGF receptor expression in endothelial cells but 
also on VEGF production in pericytes in the retinal microcir- 
culation. Further studies, including an in vivo study to see the 
effect of AT, antagonist, will strengthen this hypothesis. 

hi therapeutic aspects, inhibition of RAS is thought to be 
beneficial for die treatment of diabetic retinopathy. Indeed, the 
beneficial effects of ACE inhibition in patients with diabetic 
retinopathy have recently been shown in the EUCLID study 
and other studies. 23 24,56 Our studies revealed drat AT, recep- 
tor mediation is predominant for the All-induced responses. An 
AT, blocker and ACE inhibitors might effectively prevent dia- 
betic retinopathy. 
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Abstract 

i * 

Imraunostaining with endothelial and pericyte markers was used to evaluate the cellular composition of angiogenic 
sprouts in several types of tumors and in the developing retina. Confocal microscopy revealed that, in addition to 
conventional endothelial tubes heavily invested by pericytes, all tissues contained small populations of endothehum- 
frcc pericyte tubes in which ncrve/glial antigen 2 (NG2) positive, platelet-derived growth factor beta (PDGF P) 
receptor-positive perivascular cells formed the lumen of the microvcssel. Perfusion of nrrnor-bearirig mice with 
FITC-dextran, followed by immunohistochemicat staining of tumor vasculature, demonstrated direct apposition of 
pericytes to FITC-dextran in the lumen, confirming functional connection of the pericyte tube to the circulation. 
Transplantation of prostate and mammary tumor fragments into NG2-nulJ mice led to the formation of tumor 
microvasculature thai was invariably NG2-negative, demonstrating that pericytes associated with tumor 
. microvessels are derived from the host rather than from the conversion of tumor cells to a pericyte phenotype. 
The existence of pericyte tubes reflects the early participation of pericytes in the process of angiogenic sprouting! 
The ability to study these precocious contributions of pericytes to neovascularization depends heavily on the use of 
NG2 and PDGF preceptor as reliable early markers for activated pericytes.. 

■ ■• . • - 

Abbreviations: BrdU - brqmodeoxy uridine; CD31 - PECAM-1; CD 105 - endoglin; flk 1 ~ VEGF receptor-2; 
LNCaP - prostatic carcinoma cell line derived from a supraclavicular lymph node metastasis; NG2 - nerve/glial 
antigen 2; PBS - phosphate- buffered saline; PC- 3 - prostatic carcinoma cell line derived from a bone metastasis of a 
patient; PDGF /J-receptor platelet-derived growth factor beta receptor; a-SMA - alpha isoform of smooth muscle 
actin; TRAMP - transgenic adenocarcinoma of mouse prostate 



Introduction 

Angiogenesis is essential for almost all aspects of normal 
development, .as well as for many pathological pro- 
cesses, including tumor growth and metastasis [1,2]. The 
walls of typical angiogenic microvessels are composed of 
two principal cell types: endothelial cells, which form the 
inner lining of the vascular tube, and pericytes (mural 
cells) whi>h form an ^nter sheath ^rounn t-- enc*~r*~ 
uciru'U vvimc tnoothciiai cells nave Deen stuaied 
extensively, much less is known about the pericyte, a 
name ('peri' around and 'cyto* cell) that denotes the 
ceirs periendothelial location at the abluminal aspect of 
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microvessels [5]. A recenx search of the PUBMED 
database at http://www.ncbi.nlm.nih.gov reveals a 118- 
fold difference between the number of papers published 
on these two vascular cell types. Since the cellular 
processes underlying neovascular sprout formation 
remain incompletely understood [6, 7], increased atten- 
tion to pericytes and their interaction with endothelial 
cells will be required not only to attain a better 
understanding of vascular biology, but also to realize 
the full potential of anti-angiogenic therapy in oncology. 

The relationship between endothelial cells and peri- 
cytes varies from tissue to tissue. As one example, the 
density, of pericyte investment of the microvascular 
endothelium is quite high in the developing central 
nervous system, but very low in skeletal muscle [8, 9]. In 
tumor neovasculature this relationship may be even 
more variable. Underscoring the heterogeneity of tumor 
vasculature, as many as nine distinct angiogenic vessel 
classes have been described in neoplasms, based on both 
morphology and the cellular composition of the vessel 
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Table L The varieties and classification of blood vessels in the 
substance of neoplasm. (From Warren BA (101). 

Class 1. Arteries and arterioles 

Class 2. Capillaries 

Class 3. Capillary sprouts 

Class 4. Sinusoidal vessels 

Class 5. Blood channels without endothelial lining 

Class 6. Giant capillaries 

Class 7. Capillaries with fenestrated endothelium 

Gass 8. Venules and veins 

Class 9. Arterio-venous anastomoses 



•wall (Table ]) [10]. One of Ihcsc vessel classes (class 5) 
describes vascular walls in which the endothelium is 
discontinuous. Examples of class-5 vessels have recently 
become more numerous with the description of mosaic 
vessels [.11, 12] and the phenomenon of vasculogenic 
nimicry [13-15]. 

These vessel types call to mind a recent suggestion 
from our studies that vascular pericytes can contribute 
to the heterogeneous nature of microvessels, even in 
non-tumor situations, in a model of corneal angiogen- 
esis, we found endothelial cell-free segments of micro- 
vessels in which pericytes appeared to comprise the 
lumen of the microvascular tube [16]. In the current 
study we further analyze the ontogeny, morphology, 
and functional properties of pericyLe tubes in normal 
retinal vasculature and in several types of tumors 
(melanoma, mammary, prostate, lung, glioma). This 
study expands our understanding of the contribution of 
pericytes to the process of angiogenic sprouting, dem- 
onstrating the early participation of these perivascular 
cells in microvascular tube format ion. 



Materials and methods 
Tumors 

Lewis lung carcinoma [17] and B16F1 melanoma [18] 
tumors resulted from subcutaneous injection of 5 x 10 6 
cells into C57B1/6 mice. Human prostatic carcinoma cell 
line derived from a bone metastasis of a patient (PC-3) 
prostate [19|, protatic carcinoma cell line derived from a 
supraclavicular lymph node (LNCaP) prostate [20] and 
U87MG glioma tumors [21] were grown subcu tan eously 
in athymic (Crl nti:nu) mice. Mammary tumors were 
obtained from female MMTV/TyMT mice, which spon- 
taneously develop neoplasms due Lo activation of the 
polyoma middle T oncogene (MT) under control of the 
mouse mammary tumor virus (M MTV) promoter [22]. 
Prostate tumors were obtained from transgenic ade- 
noma of prostate (TRAMP) mice [23]. 

Retinal vascular development 

Vascular development in the retina progresses from the 
optic nerve head, extending peripherally along the inner 
retinal surface and finally invading the outer retinal 
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layers. The laminar anatomy of the retina and the fact 
that vascularization largely occurs postnatally make this 
tissue a very useful model for the study of nco vascular 
sprouting [24, 25]. Eyes were taken from postnatal days 
2 and 7 (P2 and P7) C57B1/6 mice following daily 
intraperitoneal bromodeoxyuridine (BrdU) (Sigma, St. 
Louis. Missouri) injections (80 ugjg body weight) to 
allow subsequent identification of proliferating vascular 
cells. Eyes were sectioned in a plane oriented sagitally to 
the optic nerve, so that each section represented a slice 
of the entire eyeball and retina. Immunostaining was 
then used to identify the tips of the most peripheral 
blood vessels in the primary vascular plexus, marking 
the transition between the vascular and avascular retinal 
tissue. 

Transplantation of transgenic prostate and breast tumors 

Breast and prostate tumors, respectively, were dissected 
from sacrificed MMTV/PyMT and TRAMP mice, both 
of which have an nervc/glial antigen 2 (NG2) + / + , 
C57B1/6 genetic background. As described below, tumor 
fragments were transplanted into C57B1/6, NG2-/- 
(NG2 knockout) mice [26] to determine whether the 
pericytes in tumor neo vasculature are host or tumor- 
derived. 

For mammary tumor transplantation, female NG2 
knockout mice were anesthetized with Avertin, and an 
inverted Y-shaped incision was made through the 
abdominal skin 127|. The number-four mammary fat 
pads were exposed by a blunt dissection, and a small 
incision (1 mm) was made in each fat pad to accommo- 
date i mm"** PyMT tumor fragments. The incision was 
closed using metal clips, and the mice were followed for 
J months to allow tumors to grow to a size of 1 cny\ 

The cornea is a transparent, avascular lissuc which 
enables real-time identification of new pathologic vessels 
that form as a result of implantation of tumor fragments 
[28]. NG2 knockout mice were anesthetized with Aver- 
tin. and tumor fragments (0.027 mm 3 ) from 8-month- 
old TRAMP mice were implanted into corneal stromal 
micropockets created using a modified von Graefe knife 
[29]. The mice were monitored by biomicroscopic 
examination for two weeks to follow the progress of 
tumor vascularization within the corneal stroma. 

hmmmohistochemistry and vascular imaging 

Following fixation of all tissues in 4% paraformalde- 
hyde, cryopreservation in 20% sucrose in phosphate- 
buffered saline (PBS) at 4 °C, embedding in O.C.T. 
compound (Sakura Inc., Torrance, California), and 
snap-freezing, frozen histologic sections (40-80 um) 
were cut using a Reichert cryostat (Reichert Inc., 
Buffalo, New York). 

Endothelial cells have been shown to express different 
cell surface markers as a function of developmental 
age [30], We therefore identified endothelial cells using 
a cocktail of antibodies against cndoglin (CD 1 05). 
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PHCAM-1 (CD31), and VfcGF rcceptor-2 (fLk-1) 
(Pharmmgen, San Diego, California), a strategy that 
has been previously utilized to maximize labeling of all 
vascular endothelial cells, both immature and mature 
[11], Pericytes were identified by labeling with affinity- 
purified rabbit polyclonal antibodies prepared in our 
laboratory against the NG2 proteoglycan or the plate- 
let-derived growth factor beta receptor (PDGF /?- 
receptor) [9, 16]. Both NG2 and PDGF /f-receptor are 
regarded as specific markers for pericytes [12, 31], 
Proliferative pericyte and endothelial cell populations 
were identified immunohistochernically using anti-BrdU 
antibody (Fitzgerald Industries, Concord, Massachu- 
setts) [32-34J. Briefly, frozen sections were digested with 
0.005% pepsin (Sigma, St. Louis, Missouri) in 0.01 HCI 
for 30 min at 37 C C followed by treatment with 4N HCI 
for 30 min at room temperature. Sections were then 
blocked by incubation in 5% goat serum in PBS for 
30 min [35] prior to incubation with antibody. 

Con focal microscopic imaging of combined endothe- 
lial (CD31 + CD105 +VEGFreceptor-2,flkl)[li,30] 
and pericyte markers (NG2 or PDGF 0-receptor) was 
performed as described previously [9, 16, 36]. Briefly, 
optical sections were obtained from the specimens using 
the Bio-Rad MRC-1024MP confocai microscope. Serial 
optical sections (i /mi each) across the entire thickness 
(40-80 fim) of the histological specimens were overlaid 
(Z-stack) to provide reconstructions of entire vessels. 
This allowed unambiguous identification of the spatial 
relationship between pericytes and endothelial cells in 
the vessel wall. In order to estimate the frequency of 
. vessels in an}' given tissue that contained endothelium- 
free segments (pericyte tubes), we performed systematic 
random sampling [37] to obtain 10 histologic sections 
for each tissue type to represent the corresponding 
frozen tissue block. Following immunohistochemistry, 
we counted the number of such endolheli urn-free 
segments (pericyte tubes) by microscopy, and divided 
the number of pericyte tubes by the total number of 
vessels in immunostained sections. 



Fluorescein microangiography integrated with immuno- 
histochemistrv 

To determine the functionality of pericyte tubes in a 
subcutaneous B16F1 melanoma, we performed fluores- 
cein angiography using high molecular weight (two 
million daltons) dextran conjugated with fluorescein 
isothiocyanate (Sigma, St. Louis, Missouri). Since 
FTTC-dcxtran remains completely within the vascular 
lumen without diffusion or decay [38], this procedure 
identifies only those vessels that are actively perfused by 
the circulation. FITC-dex Iran-perfused tissues were 
sectioned and immunostained for PDGF ^-receptor or 
NG2 (red fluorochrome) to identify vessel walls in which 
pericytes interface directly with the intraluminal FITC- 
dextran. 
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Results 

Pericyte tubes in early angiogenic sprouts 

Examination of sections taken from spontaneous mam- 
mary tumors in female MMTV-PyMT mice reveals that 
a subpopulation of angiogenic tumor microvcsscls (1%) 
contain endothelium-free segments in which the vascular 
lumen is formed by a pericyte tube (Figures la-c). This 
phenomenon is remarkably similar to that observed in 
our corneal angiogenesis studies |16|. The Z-stack 
overlay demonstrates the absence of endothelial markers 
associated with the pericyte tube across the entire extent 
of the vessel in question (arrows and A in panel c). Tn the 
more typical vessels containing endothelial elements, we 
consistently noted extensive pericyte investment of the 
endothelium (panel c). Since it has been proposed that 
activated pericytes may be involved in creating/marking 
pathways for invading endothelial ceils [4, 39], we 
wondered if pericyte tubes might represent an early 
developmental stage of microvessel development at 
which formation of the vascular endothelium is not 
complete. To test this possibility, we examined much 
younger (12 days old) tumors produced by subcutane- 
ous grafts of mouse Lewis lung carcinoma cells in 
C57BI/6 mice. Sections of these tumors contain even 
more striking examples in which entire vessels appear to 
be composed of pericyte tubes (Figures ld-f). As before, 
the Z-stack demonstrates that these tubes arc devoid of 
endothelial markers across their entire width. Even 
younger tumors (7 days) produced by subcutaneous 
xenografts of human PC-3 prostate tumor cells into 
athymic male mice (Figures Ig-i) contain examples not 
only of endothelium-free pericyte Lubes (arrows and A in 
panel i), but also large numbers of individual pericytes 
invading the tumor in the absence of endothelial cells. 
TRAMP, LNCaP, and U87MG glioma tumors were 
also examined and found to contain populations of 
pericyte tubes (data not shown). 

To investigate the occurrence of pericyte tubes in 
normally developing micro vasculature, we examined the 
mouse retina, in which a primary vascular plexus 
develops postnataiiy at the interface between the retina 
and vitreous. In addition to comparing endothelial and 
pericyte-specific markers, we also evaluated these sam- 
ples for cell proliferation by immunohistochemical 
staining for BrdU incorporation. The sagital orientation 
of the sections made it possible to identify the tips of 
angiogenic sprouts growing toward more peripheral 
regions of the retina (arrow in Figure 2a). We used 
Nomarski interference microscopy (as in Figure 2c) to 
help choose sections that appeared to contain intact 
sprout tips. Between postnatal days 2 and 7 it is clear 
that pericytes and endothelial cells are both present at 
the growing lip of the vaseular sprout. Using confocai 
microscopy, we found examples of endothelium-free 
segments of growing sprouts that appeared to be formed 
by pericytes (A in panel b). demonstrating the occur- 
rence of pericyte lubes in normal as well as pathological 
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Fiffurr i. Pericyte tubes arc a component of tumor microvasculaturc. Frozen sections were taken from spontaneous MMTV-PyMT breast 
carcinoma (n c), subcutaneous Lewis lung carcinoma (d-f), and subcutaneous PC-3 prostate tumor (g-i). Vascular endothelial elements (red) are 
identified by combined irrvm dnulnsloeheuiical staining for CD3K CO105, and flk-1. Pericytes (green) are identified by staining for NG2 
proteoglycan. All panels arc Z-stack confocal images. All three tumor types contain endolhelium-free pericyte tubes, labeled by A in the merged 
images of panels c, f and i. The margins of complete pericyte Lubes are indicated with arrows in c and i. In f the entire segmenl is a pure pericyte 
tube. Note the absence of endothelium (a, d, g and c, t\ i) in regions thai contain pericyte tubes (b, c. h). Scale bars indicate 10 f.im. 



microvascular re. The frequency of pericyte tubes in 
retinal microvasculalure was siiailar. to Ihat-seen in the 
-vaiio^^mortmodels {{ %). Strikingly; both endothelial 
«elrs (arrows) and pericytes -{-ar-rowheads) in growing 
retinal vessel tips have nuclei that arc BrdU-positive. 
The pericyte nucleus characteristically fills almost the 
entire soma of the cell and bulges away from the lumen 
of the micro vessel [8], These factors explain why some 
pericyte nuclei in Figure 2b occupy an extreme periph- 
eral position relative to the vessel, ft is clear from the 
accompanying Nomarski image (Figure 2c) however, 
that these nuclei belong to pericytes that are closely 
associated with Ihe micro vessel. The presence of these 
BrdU-labeled nuclei is consistent with the nascent 
character of the vessel and shows that both cell 
populations are mitotically active at this stage. In 
microvessels such as these that contain both pericytes 
and endothelial cells, wc always noted extensive invest- 
ment of the endothelium by PDGF /?- receptor-positive, 
NG2-positive pericytes. This is a general characteristic 
of microvessels in the central nervous system [3, 8, 31J. 



Pericyte tubes are perfused by ihe tumor circulation 

Sections of a subcutaneous B16F1 melanoma tumor 
perfused with FITC-dextran were examined to evaluate 
whether pericyte tubes are a functional component of 
the circulation. In 1% of the angiogenic vessels in these 
specimens, we observed a direct interface (Figure 3c) 
between pericytes (Figure 3a) and luminal FITC-dex- 
tran (Figure 3b), indicative of patency of the pericyte 
tube. This phenomenon was seen using either PDGF 
/f- receptor immuno staining (Figure 3) or NG2 imrnu- 
nostaining (not shown) to identify pericytes. Since 
FITC-dexUan does not leak and diffuse from blood 
vessels, the only way for a pericyte tube to be rilled with 
the dye is to be connected to the active circulation. 

Pericytes in transplanted tumor microvessels are of host 
origin 

Just as it has been suggested thai tumor cells can display 
endothelial markers and contribute to forming the 
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/tyure 2. Early pericyte association with angiogenic microvessels in 
newborn mouse retina. Frozen sections of P2 (a) and P7 (b and c) 
mouse retina were processed by immunohistochemistry to identify the 
vascular endothelium (combined CD31 - CD105 + fik-l,red). peri- 
cytes (NG2. green), and nuclei of mitotic cells (BrdU, purple, panel b). 
Z-stack confocal images show thai vascular pericytes extensively invest 
the angiogenic sprouts at both ages. Arrow in panel a indicates the tip 
of the growing angiogenic sprout at the vascular/a vascular junction in 
the P2 peripheral retina. At P7 (panels b and c) both pericytes 
(arrowheads) and endothelial cells (arrows) contain BrdU-positive 
nuclei. A marks an endothelium free, pericyte tube-containing region of 
Lhc angiogenic sprout. Panel c is the Nomarski image or a single focal 
plane from the specimen 3hown in panel b. Scale bars indicate 20 /mi 
(a) and 5 /;m (b, c). 
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Figure .?. Functional (perfused) pericyte tube. In sections obtained 
from a subcutaneous B16FI melanoma perfused with FITC-dextran, a 
pericyte tube immunostained (red) for PDGF /J- receptor (a), is in 
direct contact with the vascular lumen filled with FITC-dextran (green) 
(b). In the merged image (c). arrowheads identify pericytes forming the 
vessel wall. Arrows indicate FITC-dextran in the lumen of the pericyte 
tube. The direct interface between these two labels precludes the 
presence of an intervening endothelial cell layer. Scale bar indicates 
10 mn. 
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lumen of tumor vessels, it is formally possible that our 
observations could be explained by the acquisition of 
pericyte markers (such as NG2 and PDGF preceptor) 
by tumor cells at the vascular lumen. Arguing against 
this possibility, B16F1, PC3, Lewis lung carcinoma, 
LNCaP, and U87MG cells were all found to be negative 
for CD105, CD31, flk-1, NG2 and PDGF /7-receptor 
expression both in vivo and in vitro. TRAMP and PyMT 
tumor cells were also negative for NG2 expression 
(Figures 4b. d and t). Still, this does not preclude the 
possibility that rare, specialized tumor cells at the 
vascular lumen might be induced to express NG2 by 
virtue of the novel environment. Tumor transplantation 
experiments were performed to address this possibility. 

Analysis of breast lumor fragments transplanted from 
an NG2-positive (MMTV/PyMT) donor into the fat 
pads of an NG2 knockout host revealed PDGF 
receptor-positive pericytes associated with angiogenic 
sprouts invading the tumor from the periphery (Fig- 
ure 4a). These pericytes were invariably NG2-negative 
(Figure 4b). Likewise, examination of prostate tumor 
fragments transplanted from an NG2-positive donor 
(TRAMP) into the cornea of an NG2 knockout host 
revealed PDGF /^-receptor-positive pericytes (Figure 4c) 
associated with the corneal neovasculature! Once again, 
these pericytes were always negative lor NG2 expression 
(Figure 4d). If the lumenal NG2-positive cells we have 
observed in our. experiments with NG2-wildtypc mice 
were of tumor origin, we would also expect to find such 
cells in the tumor vasculature of NG2-null mice. The 
fact that PDGF preceptor-positive lumenal cells ex- 
press NG2 in tumors grown in wildtype mice but not in 
tumors grown in NG2-huli mice argues strongly thai 
lumenal pericytes or the tumor microvasculature are 
derived from the host rather than from any component 
of the donor tumor. 



Discussion 



Two or the observations presented in our study seem 
especially noteworthy. First, mitotically active pericytes 
are »ssociai^ um!^*i rin io»Mnic sprouts uu r « i, ° tr° eany 
phases of neovascularization m Wh ^Hlholo^c Uu- 
-nbrsj i'om?i f re tin*'' Qsrues. Second, pericytes 
alone can invade tissues in the absence of endothelial 
cells and can form functional, endothelium-free tubes 
that may be sub-classified as 'pericyte tubes' under the 
category of class-5 vessels. 

These observations support the idea that activated, 
mitotic pericytes play an early role in the development of 
angiogenic sprouts and vessels. Coupled with our 
previous finding of pericytes associated with angiogenic 
sprouts in the embryonic central nervous system and in 
postnatal neo vasculature formed in response to ischemia 
or growth factors [9, 16], these results emphasize the 
earlv participation of pericytes in bo tk oh biological an^ 
pauiuiogical an en genesis. Activated pericytes are pres- 
ent as early as mitotic endothelial cells, and in some 
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instances appear to take the lead in establishing not only 
pathways of invasion, but also the formation of aciual 
tubes. These findings are not entirely consistent with 
data suggesting that pericytes have only a late role in 
angiogeriesis [40-42], but instead provide support for 
reports concerning an early role for pericytes in the 
formation of angiogenic sprouts [4, 12, 31, 39, 43-47]. 
Our identification of perfused, endothelium-free pericyte 
tubes comprising up to 1% of the total number of 
microvessels in our various preparations may be a 
reflection of the kinetics of angiogenic development. 
While pericytes may have a leading role in establishing 
pathways of invasion and formation of angiogenic 
lubes, endothelial cell participation cannot lag far 
behind, and may in fact occur almost simultaneously. 
Thus in most cases, especially in normal tissues, we 
observe pericytes and endothelial cells working in 
concert to form angiogenic microvessels composed of 
endothelial tubes extensively invested by pericytes. In 
this sense, pericyte tubes and pcricyte-invested endothe- 
lial tubes do not represent distinct functional entities, 
but instead different developmental stages of the same 
process. In only a small number of instances do we catch 
a glimpse of pericyte tubes that are not yet fully lined by 
endothelial cells. It seems possible that sufficient disre- 
gulation could occur during tumor angiogenesis to 
render the early contributions of pericytes more easily 
detectable.. 

An alternative mechanism Tor the formation of 
pericyte tubes could be the loss of endothelial cells as 
part of the process of vascular regression/pruning and 
remodeling. We cannot definitively rule out this possi* . 
biiily. However, it seems the less likely of the two 
alternatives, based, on the following observations. In the 
developing retina, neovascular remodeling is primarily 
seen in the central retina, rather than in peripheral areas 
of the retina that contain the newest angiogenic sprouts 
[48]. The examples shown in Figure 2 are taken from the 
peripheral retina at the outermost boundary between the 
vascular and avascular retina. The structures shown are 
therefore likely to be nascent sprouts rather than vessels 
undergoing remodeling. The presence of BrdL-posilivc 
endothelial cell nuclei further supports the idea that 
these are new sprouts rather than regressing vessels. In 
the tumor studies, it is more difficult to evaluate the 
ontogeny of vessels in the absence of the stereotypical, 
tissue architecture found in the retina. On the basis of 
tumor age and the possible existence of hypoxic areas 
within the tumor, it seems possible that regressing 
vessels might contribute to the labeling pattern seen in 
the mature mammary tumors (Figures la-c). ft seems 
much less likely that endothelial cell regression can 
explain the patterns seen in the small, nascent tumor 
xenografts examined only 12 (d-Q and 7 (g-i) days after 
tumor cell injection. Endothelial cells from regressing 
vascular segments usually do not disappear (for example 
via apoptosis), but instead are re-utilized for the 
formation of new vessels [49]. Thus, the observation of 
pericytes invading the seven-day-old PC-3 tumor and 
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Figure 4. Host origin of pericytes in tumors, (a, b) Section from a PyMT breast lumor fragment transplanted to the fat pad of an NG2 knockout 
mouse is double-stained for PDGFj?-receptor(a)and NG2(b). Vascular pericytes invading the tumor arc immunosiaincd for PIXjK preceptor (a) 
but not for NG2 (b). (c. d) Section of a TRAMP prostate tumor fragment transplanted to the corneal stroma of an NG2 knockout mouse is doubie- 
slainedfor PDGF /I- receptor (c)andNG2(d). Neovascular pericytes are iminunostained for PDGF/3-receptor (c) but not for NG2 (d). Arrowheads 
indicate feeder vessels invading the cornea, (c. 0 Section of PyMT breast tumor fragment transplanted to the fat pad of NG2 knockout mouse is 
doubic-staincd for endothelial markers (CD 105 i CD31 :• Ski) (e) and NG2 (f). Angiogenic vessels exhibit inimuno staining for endothelial 
markers (e) but not for NG2 ([). Tumor cells are not immunostained for eilher endothelial markers (c) or NG2 (fi. Scale bars indicate 20 /on. 



forming tubes in the absence of endothelial cells is more 
suggestive of the formation of new microvcsscls than the 
regression of old ones. 

Although pericytes are widely regarded 10 be the 
microvascular equivalent of smooth muscle cells, the 
origin, development, and function of these cells seem to 
be variable and complex [8, 50, 51]. Reliable identifica- 
tion of pericytes is important for understanding the role 
of these cells in angiogenic sprout formation and 
vascular heterogeneity. Our ability to detect the preco- 
cious contribution of pericytes to microvascular devel- 
opment depends heavily on the use of PDGF /i-receptor 
and NG2 proteoglycan as markers for these activated 



mural cells at an early stage of their development [12, 
31]. One of the traditional markers for pericyte identi- 
fication has been the expression of alpha-smooth muscle 
actin (3-SiVlA). However, a growing body of evidence 
suggests that x-SMA is a late marker for differentiated 
pericytes in rodents and therefore may be poorly 
expressed in developing angiogenic micro vasculature 
[12, 31]. Since only a fraction of developing pericytes can 
be identified on the basis of s-SMA expression [4, 12, 
52-55], the absence of immnnoreactivity for ar-SMA 
does not necessarily indicate the absence of pericytes. By 
comparison. NG2 is more widely expressed by pericytes, 
especially during early stages of development. Pericytes 
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isxpressing NG2 also express other pericyte markers 
such as PDGF /J-receptor [9, 16, 36, 56-58] and amino- 
peptidase A [45]. Therefore, NG2 is an established, 
specific marker for identification of pericytes. It is 
expressed by pericytes in angiogenic microvasculaturc 
during pre- and postnatal development (9, 59], during 
lumor angiogenesis [43, 44, 60], in granulation tissue 
[43, 44, 58, 61], and in corneal and retinal angiogenesis 
models [16]. 

Our results more firmly establish endolheli urn-free 
pericyte tubes as a valid species of angiogenic vessel. Our 
rumor fragment transplantation experiments support 
previous results demonstrating a host origin for peri- 
cytes in tumor ncovasculature [62]. Direct visualization 
of the invasion of host-derived, GFP-negative cells into 
GFP-positive tumors' has provided additional evidence 
for the host origin of tumor vasculature [63]. Our 
combined fluorescein angiography-immunohistochem- 
istry analysis of tumor vasculature is also of interest in 
this regard, since it provides an additional means of 
visualizing functional, newly formed pericyte tubes that 
have recently invaded the tumor. 

In summary, our study provides evidence that peri- 
cytes contribute to the early phases of angiogenic sproul 
formation during both neoplastic and non-neoplastic 
neovascularization. The early participation of pericytes 
in microvascular development has important implica- 
tions for therapeutic intervention in the many pathol- 
ogies in which angiogenesis is a factor. As early players 
in angiogenesis, pericytes represent an additional target 
for treatments designed either to up-regulatc (for 
example in ischemic disorders) or down-regulate (for 
example in cancer) vascularization. Recent studies 
suggest that dual targeting of pericytes and endothelial 
cells improves the efficacy of treatments aimed at the 
destruction of tumor masses [64, 65]. Clearly, the design 
of improved dual targeting strategics aimed at both 
pericytes and endothelial cells will depend on further 
understanding of the role of pericytes in neovasculari- 
zation. 
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Angiogenesis and lymphangiogenesis - the de- 
velopment of new blood vessels and lymphatics 
from the pre-existing vasculature, respectively - 
are processes with integral roles in embryonic 
development and numerous diseases. Angiogen- 
esis is the better understood of the two pro- 
cesses, in part due to the intense research focus 
placed upon the field because of the significance 
of blood vascular development for tumor 
growth and ischemic disease. Angiogenesis re- 
search has progressed to the point where the 
first molecular therapies targeting nascent 
blood vessels in cancer are reaching the clinic 
(1-4). 

A lack of molecular markers specific to the 
lymphatic system has been an impediment to 
lymphangiogenesis research until recently, when 
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the identification of several such markers (re- 
viewed in (5, 6)) has led to molecular insights 
into lymphangiogenesis. Numerous pathologies 
are associated with the lymphatics, such as the 
metastatic spread of cancer and lymphedema, 
and therapeutic strategies based upon the ex- 
panding body of lymphatic knowledge are now 
being considered (7-9). 

The development of blood vessels and lym- 
phatics depends upon interactions between the 
vascular endothelium and signalling molecules 
derived from the serum and extracellular matrix 
(ECM), Among these signalling molecules, the 
vascular endothelial growth factor (VEGFs) 
family of proteins is central to angiogenesis and 
lymphangiogenesis. The VEGFs are dimeric en- 
dothelial cell mitogens encoded by five genes in 
mammals: VEGF (also known as VEGF-A), 
VEGF-B, VEGF-C, VEGF-D and placenta 
growth factor (PIGF) (10). Members of the fam- 
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ily are related by the characteristic VEGF 
homology domain (VHD), containing receptor 
binding sites and a conserved cystine-knot motif 
(10, 11). Variations in mRNA splicing generate 
isoforms of several of the VEGFs, adding to the 
complexity of the family (12-21). Recent work 
has advanced the understanding of the func- 
tions of the VEGFs, and uncovered some of the 
mechanisms by which they are regulated. This 
review will discuss the molecular and physio- 
logical stimuli controlling the expression and 
activity of the VEGF family in healthy and dis- 
eased tissues. 



THE BLOOD VASCULATURE 

VEGFs in embryonic development and 
physiological angiogenesis 

VEGF. Embryonic development of the blood 
vascular system commences with the process of 
vasculogenesis, whereby endothelial cell precur- 
sors differentiate to endothelial cells and associ- 
ate to form the primary vascular plexus (22, 
23). Subsequent angiogenesis gives rise to a 
more extensive vasculature (22, 23). In the 
healthy adult, angiogenesis is chiefly restricted 
to wound healing and the female reproductive 
system. Postnatal neo- vascularization has been 
shown to make use of endothelial precursor 
cells from the bone marrow, which are incorpor- 
ated into the nascent vessels (24, 25). New ves- 
sels are therefore not exclusively derived from 
the cells of pre-existing vessels. 

The essential role of VEGF for embryonic va- 
sculogenesis has been established via gene dis- 
ruption studies. Disruption of a single VEGF 
allele causes embryonic lethality by embryonic 
day (E) 1 1 as a result of defective vasculogen- 
esis, angiogenesis and large vessel formation 
(26, 27). Postnatal ablation of VEGF causes 
death in mice up to approximately 4 weeks of 
age due to defects including impaired organ de- 
velopment and reduced vascularisation, prob- 
ably stemming from reduced angiogenesis (28). 
Disruption of VEGF signalling is apparently 
not harmful after this stage, although corpus 
luteum angiogenesis in the adult is VEGF de- 
pendent (29). VEGF therefore appears to have 
a limited role in maintaining the mature vas- 
culature, instead impacting on those systems 
with an ongoing dependence upon angiogenesis; 



Examination of the postnatal vascularisation 
of the retina reveals the mechanism whereby 
new vessels are stabilised and made VEGF-in- 
dependent. Newly formed vessels in the retina 
undergo regression in the absence of VEGF 
(30), as a result of endothelial cell apoptosis. 
Temporal studies of the developing retinal vas- 
culature reveal that formation of the vascular 
plexus precedes recruitment of pericytes to the 
new vessels, and pericyte association is crucial 
for stabilisation of the neo- vasculature (31). 
Therefore VEGF is necessary to maintain im- 
mature vessels and, without full pericyte cover- 
age, new vessels will regress in the absence of 
VEGF stimulation. 

The effects of VEGF are mediated by binding 
to VEGFR-1 and VEGFR-2, receptor tyrosine 
kinases expressed on the blood vascular endo- 
thelium (Fig. 1). Both VEGFR-1 and VEGFR- 
2 are essential for embryonic vascular develop- 
ment and viability, although differences in the 
phenotypes of mice lacking the receptors reveal 
distinct functions. VEGFR-2 is believed to be 
the principal pro-angiogenic receptor, as de- 
letion of the VEGFR-2 gene results in failed vas- 
culogenesis with a lack of organised vessels and 
haematopoietic precursors (32). VEGFR-1 ab- 
lation causes defective assembly of endothelial 
cells (33), related to the development of in- 
creased numbers of hemangioblasts (34). The 
VEGFR-1 intracellular tyrosine kinase domain 
is not essential for embryonic viability (35), sug- 




VEGFR-I VEGFR-2 VIGFRO NeuropHln-1 Neurop0liv2 

Monocyte Angtogenesii Lvmphonglogenesli VEGFR-2 VEGFR-3 
octMittoo co rwcepfof co-racepfor? 

AngJogenesli? 

Fig. J. Interaction of the VEGFs with receptors. 
Ligands for each receptor are listed. Where isoforms 
are not specified, all isoforms bind the receptor. Ma- 
ture and full-length forms of VEGF-C and VEGF-D 
are denoted "m" and "f respectively. The proposed 
function is listed below each receptor. The role of 
VEGFR-1 in angiogenesis is uncertain. 
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gesting that VEGFR-1 may be a negative regu- 
lator of VEGF activity. 

Several isoforms of VEGF exist, generated by 
alternative mRNA splicing (12-16). The small- 
est isoform, VEGF 12 i is freely soluble, whereas 
VEGF 189 and VEGF 2 o6 are completely bound 
to the ECM (36). The predominant isoform, 
VEGF, 65 , exists as both soluble and ECM- 
bound forms. Emerging data show specific 
functions for the VEGF isoforms (37), possibly 
relating to the isoform-specific binding of 
VEGF to a second class of receptors, the 
Neuropilins. Neuropilin-1 (NRP-1) and Neuro- 
pilin-2 (NRP-2) are cell surface receptors as- 
sociated with neuronal guidance (38). VEGF i65 
binds both NRP-1 and NRP-2, but VEGF 145 
binds NRP-2 only (39-41). Overexpression of 
the NRP-] gene is lethal at the embryonic stage, 
resulting in excessive capillary and blood vessel 
formation, thinning of the walls of the heart, 
and defects in other systems (42). Likewise, de- 
letion of NRP-1 causes death due to defects in 
embryonic vascularisation, although at later 
stages than those seen in VEGFR-2 deficient 
mice (43). NRP-2 is not required for viability, 
but disruption of both NRP-1 and NRP-2 genes 
results in embryonic death due to severe vascu- 
lar abnormalities, similar to those of VEGF or 
VEGFR-2 deficient mice (44). Furthermore, 
co-expression of NRP-1 with VEGFR-2 sug- 
gests that NRP-1 enhances VEGF binding to 
VEGFR-2 (40). NRP-1 may therefore function 
in concert with VEGFR-2 as a VEGF co-recep- 
tor during angiogenesis. 

Despite the function of VEGF as a primary 
inducer of angiogenesis, some studies of VEGF- 
mediated initiation of blood vessel growth sug- 
gest that this growth factor alone is insufficient 
to establish mature vessels. Studies in which 
VEGF is elevated, in muscle from engineered 
myoblasts (45), transgenically in the skin (46) or 
systemically using adenoviral vectors (47) re- 
sulted in vascular leakage with associated in- 
flammation. It seems that additional signalling 
molecules, most notably the Angiopoietins, 
their receptors the Ties, and the Ephrins are 
also necessary to give rise to fully functional 
vessels (23, 48-50). 

VEGF-B. Although closely related to VEGF 
(19, 51), the physiological function of VEGF-B 
is less clear. Alternative RNA splicing generates 



two isoforms of VEGF-B, VEGF-B, 67 and 
VEGF-B (20), the larger of which is the pre- 
dominant mRNA species (52). Both isoforms 
are ligands for VEGFR-1 and NRP-1 (Fig. 1), 
although VEGF-B 186 requires proteolytic cleav- 
age of the C-terminal region for binding to 
NRP-1 (53) (Fig. 2). Neither isoform binds 
VEGFR-2 or VEGFR-3 (53, 54). VEGF-B in- 
duces a mitogenic response in endothelial cells 
in vitro (51), and expression of VEGF-B in the 
embryonic heart and adult cardiac and skeletal 
muscle suggests a role in vascularisation of the 
musculature (51). However, VEGF-B does not 
appear to be strongly angiogenic as indicated by 
adenoviral delivery to periadventitial tissue (55) 
or hindlimb skeletal muscle (56). Unlike VEGF, 
mice lacking VEGF-B are viable, but suffer 
from smaller hearts, abnormal coronary vas- 
culature and defective recovery from cardiac 
ischemia (57). Certain VEGF isoforms are also 
required for development of the heart (37), and 
coexpression studies have shown that VEGF 
and VEGF-B can form heterodimers (51). To- 
gether these data indicate a role for VEGF-B 
in cardiac development, possibly in cooperation 
with VEGF. 

PIGF. P1GF is expressed in the placenta 
throughout pregnancy, and also in the heart, 
lung, brain and skeletal muscle (58, 59). Alter- 
native splicing of the human primary transcript 
generates three isoforms: P1GF 131 (P1GF-1), 
PIGF 1 52 (P1GF-2) and P1GF 203 (P1GF-3) (17, 
18). Like VEGF-B, PIGF is a ligand for 
VEGFR-1 but not VEGFR-2 (58, 60), and 
P1GF-2 is able to bind NRP-1 and NRP-2 (61, 
62) (Fig. 1). PIGF homodimers are poor in- 
ducers of angiogenesis in vivo, and only provoke 
a weak mitogenic response from endothelial 
cells (60, 63). VEGF can form heterodimers 
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Fig. 2. Proteolytic activation of the VEGFs. Shading 
represents regions of the protein removed by proteol- 
ysis. Functional outcomes of proteolysis are listed be- 
low each growth factor. 
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with P1GF(63), although conflicting evidence 
exists as to the capacity of such heterodimers to 
induce angiogenesis (63, 64). Deletion of the 
PIGF gene in mice does not cause significant de- 
fects in vascular development (65), although 
overexpression of PIGF in the skin results in in- 
creased vessel formation and permeability (66), 
demonstrating a pro-angiogenic role for the 
growth factor. P1GF stimulates angiogenesis as 
well as migration and proliferation of endothelial 
cells in vitro in a manner dependent upon VEGF 
and VEGFR-1 (65). A model has been suggested 
to explain these observations (65), in which P1GF 
binding to VEGFR-1 signals for angiogenesis, 
whereas VEGF binding does not. P1GF binding 
to VEGFR-1 would displace VEGF from the re- 
ceptor, increasing the amount of soluble VEGF 
available for pro-angiogenic binding to VEGFR- 
2. The VEGFR-1 tyrosine kinase domain is not 
essential for embryonic vascular development 
(35), indicating that VEGFR-1 acts as a non-sig- 
nalling receptor which is consistent with the nor- 
mal vascular development observed in P1GF de- 
ficient embryos (65). 

In vivo studies of ischemia have shown that 
PIGF treatment stimulates arteriogenesis, the 
enlargement of pre-existing arterioles (67, 68). 
Ablation of the PIGF gene inhibits this process, 
a phenotype which can be rescued by bone mar- 
row transplantation (69). PIGF is capable of 
stimulating migration and tissue factor produc- 
tion in monocytes (70), and P1GF treatment re- 
sults in elevated extravasation of macrophages 
(68). These lines of evidence concur with the ob- 
served contribution of bone marrow derived en- 
dothelial cell precursors to vessel formation 
(25), indicating a role for haematopoietic cells 
in angiogenesis, in response to stimulation by 
PiGF 

Pathological angiogenesis 

Aberrant or insufficient vascularisation of 
tissues is a feature of several pathologies, in- 
cluding arthritis, atherosclerosis, diabetic retin- 
opathy and tumor growth. In the case of cancer, 
access to the blood supply and the nutrients 
therein is a necessary precursor for significant 
tumor growth, making tumor angiogenesis a 
target for emerging therapeutics (71-74). In 
contrast to developmental angiogenesis, tumor 
angiogenesis results in irregularly shaped, con- 
voluted vessels that exhibit disorganised or even 



reversed blood flow (73). Furthermore, tumor 
derived vasculature is often leaky, a character- 
istic of immature blood vessels (75). Tumor 
angiogenesis may incorporate cancer cells into 
the wall of the developing vessel (76), and tumor 
models have been reported in which vessel 
growth involves the recruitment of circulating 
endothelial precursor cells, suggesting that new 
vessels are not solely derived from pre-existing 
vasculature (25). It has also been hypothesised 
that some tumor cell types may form vessel-like 
structures independently of the endothelium 
(77). Tumor angiogenesis therefore appears to 
be a somewhat chaotic process, in which nor- 
mal signalling molecules are co-opted in a disor- 
ganised manner to provide the tumor with im- 
proved access to the blood supply (73). 

The evidence for VEGF as a primary inducer 
of tumor angiogenesis is extensive. Animal 
xenograft models of cancer in which the VEGF 
gene has been disrupted, or VEGF signalling 
blocked, show drastically reduced growth of tu- 
mors, demonstrating the significance of VEGF 
in tumor growth (27, 78-80). Surveys of human 
cancers reveal significant elevation of VEGF ex- 
pression in the majority of tumors examined, 
including those from the lung, breast, gastroin- 
testinal tract, ovary and colon (81-85). Expres- 
sion of VEGF correlates with increased tumor 
vascularisation and poor patient prognosis (81, 
86, 87), suggesting VEGF as a therapeutic tar- 
get, and leading to the development of therapies 
based upon inhibition of VEGF activity. The 
approval of the US Food and Drug Administra- 
tion of Avastin™, a neutralizing antineutral- 
izing antibody to VEGF, for treatment of meta- 
static colorectal cancer has focussed great inter- 
est on the field of anti-angiogenesis as an 
approach to cancer therapy (1, 4). 

PIGF may be associated with pathological 
angiogenesis as demonstrated by decreased vas- 
cularisation of tumor models lacking PIGF 
(65), although expression of PIGF has been re- 
ported to be variable in human cancers (88-90). 
Inhibition of the PIGF receptor VEGFR-1 sug- 
gests a role for PIGF in tumor angiogenesis as 
well as arthritis and atherosclerosis (67), pos- 
sibly through synergistic effects with VEGF (re- 
viewed, in (91)). Examination of VEGF-B in tu- 
mors reveals little conclusive data to indicate a 
substantial role for VEGF-B in tumor pro- 
gression (92, 93), although isoform specific vari- 
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ation of VEGF-B expression in tumors has been 
reported (52). 

Molecular regulation of angiogenic VEGFs 
VEGF 

Hypoxia. Cellular growth and proliferation 
beyond the dimensions through whieh oxygen 
can readily diffuse results in reduced oxygen 
tension in the tissue. Within the cell, a number 
of metabolic alterations occur in response to 
hypoxia, including the synthesis of pro-angio- 
genie growth factors targeting the vascular en- 
dothelium, most notably VEGF (94). Hypoxia 
has been demonstrated to be a major regulator 
of VEGF both in vitro and in vivo (95-97) 
(Table 1), and VEGF mRNA is elevated in is- 
chemic tumor cells adjacent to areas of necrosis 
(98). These observations have led to efforts to 
identify inhibitors of the hypoxic response as 
novel cancer therapeutics (99). 

The cellular response to hypoxia is mediated 
by the hypoxia-inducible transcription factor 
(HIF-1), a heterodimeric protein which binds to 
hypoxia response elements (HRE) in the pro- 
moter/regulatory regions of hypoxia-inducible 
genes, including the VEGF gene, and initiates 
transcription by recruitment of transcriptional 
activators such as CREB/p300 (100). Under 
normoxic conditions, the a subunit of HIF-1 is 
degraded via the ubiquitin-proteasome path- 
way, preventing formation of active HIF-1 (for 
review of HIF-1 regulation see (101)). The 
ubiquitination step is mediated by the von Hip- 
pel-Lindau (VHL) protein (102), which recog- 
nises hydroxy la ted proline residues in HIF-1 a 
(101). Proline hydroxylation of HIF-la is cata- 



lysed by a family of three, prolyl hydroxylases 
utilising molecular oxygen as a substrate (103). 
Studies of recombinant prolyl hydroxylases 
demonstrate that the affinity of these enzymes 
for oxygen is such that their activity is reduced 
at oxygen concentrations observed in hypoxic 
tissues (104), leading to reduced ubiquitination- 
degradation of HIF-la. Hydroxylation of an as- 
paragine residue also regulates the activity of 
the C-terminal transactivation domain of HIF- 
la by blocking interactions with the transcrip- 
tional activator p300 (105). As with the prolyl 
hydroxylases, activity of the enzyme responsible 
is dependent upon oxygen concentration at 
physiological levels (106, 107). Hydroxylation of 
HIF-la therefore acts as a hypoxia sensitive 
switch linking local oxygen concentrations to 
the stability and activity of the transcription 
factor, and hence to VEGF expression. 

Genes associated with transformation. Numerous 
genes associated with tumorigenic transform- 
ation are also involved with regulation of VEGF 
expression (Table 1). Examination of the VEGF 
gene promoter region reveals the presence of con- 
sensus AP-1 sequences, sites recognised by the c-^ 
fos family of transcription factors (15). The c-fos 
family are proto-oncogenes which activate tran- 
scription by binding to AP-1 sites in transcrip- 
tional promoters (for review see (108)). Since fos 
is upregulated by treatment with phorbol esters 
and various growth factors, VEGF expression 
could also be elevated in response to these stim- 
uli, as is indeed the case (15, 1 09—1 12), 

The ras oncogene is another logical candidate 
to activate VEGF expression, as ras activity is a 



TABLE 1. Regulators of the VEGFs. Arrows indicate positive (T) or negative (i ) stimuli 



VEGF 



PIGF 



VEGF-B 



Regulation of transcription 

T Hypoxia 

T Inflammatory 
mediators/ 
COX-2 

T AP-1 tran- 
scription factors 

t Mutant ras 

T Mutant p53 

Post-transcriptional regulation 
T Proteolysis 
(release from 
ECM) 



T Hypoxia 
T FoxDl 
transcription 
factor 



T Proteolysis 



VEGF-C 



T Inflammatory 
mediators/ 
COX-2 



T Proteolysis 



VEGF-D 



T AP-1 transcription 

factors 
T Cell-cell contact 



T Proteolysis 
1 Cytosolic 
P-catenin 
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component of the signal transduction pathway 
linking extracellular stimuli to AP-1 mediated 
activation of transcription (108). Oncogenic, ac- 
tivated ras stimulates VEGF expression in cell 
lines (113, 114), and ras activity is associated 
with VEGF expression, tumorigenicity and 
angiogenesis in mouse models of cancer (115, 
116). Therefore oncogenic ras may play a role 
in stimulating angiogenesis as well as driving 
proliferation of tumor cells in cancer. 

A transcriptionally inactive mutant of the tu- 
mor suppressor p53 causes elevated VEGF ex- 
pression (117), and wild-type p53 represses 
VEGF transcription (118). Deletion of the p53 
gene in tumor cells results in enhanced vascu- 
larisation and tumor growth, and p53-deficient 
cells show increased induction of VEGF under 
hypoxic conditions (119). The p53 protein pro- 
motes ubiquitination and degradation of HIF- 
la (1 19), hence VEGF expression is enhanced by 
HIF-1 in the absence of p53. In addition to upre- 
gulating VEGF, mutation of p53 may confer re- 
sistance to antiangiogenic therapies, as hypoxia- 
induced apoptosis is p53 dependent. A p53 mu- 
tant tumor model has shown reduced responsive- 
ness to therapies targeting the vasculature (120), 
demonstrating that p53 status may be a factor 
when considering anti-VEGF therapies. 

RNA splicing isoforms and proteolysis. VEGF 
exists as a number of isoforms derived from 
mRNA splice variants (12, 14-16). The iso- 
forms differ at the C terminus, with the larger 
variants exhibiting substantial affinity for hep- 
arin (36). The smallest isoform, VEGF 12 i, does 
not bind heparin and is freely soluble upon se- 
cretion, whereas the higher molecular weight 
isoforms bind to the cell surface/extracellular 
matrix (ECM) (36, 121). VEGF isoforms 
sequestered in this way can be released from the 
ECM by the action of heparinase or the fi- 
brinolytic serine protease plasmin, giving rise to 
soluble, biologically active molecules (36, 121) 
(Fig. 2). It has been proposed that the ECM- 
bound forms of VEGF represent a pool of 
available growth factor, which can be activated 
in the course of tissue remodelling in conjunc- 
tion with the degradation of ECM components 
necessary for neovascularisation (121). 

Inflammatory cytokines and cyciooxygenase-2 
(COX-2). The inflammatory condition rheu- 
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matoid arthritis is characterised by proliferation 
of the synovium, including large numbers of 
blood vessels, and invasion of the adjacent car- 
tilage. Angiogenesis is a significant component 
of this process, believed to be driven by local 
production of angiogenic growth factors (91). 
Inflammatory mediators such as IL-la, IL-lp, 
TGF-P and prostaglandin E2 (PGE2) induce 
VEGF expression in a number of cell types, in- 
cluding umbilical vein endothelial cells, smooth 
muscle cells and synovial fibroblasts (111, 122- 
125). VEGF is therefore a potential target for 
intervention in inflammatory disease. Further- 
more, the enzyme COX-2 is an inducible com- 
ponent of the inflammatory prostaglandin syn- 
thesis pathway, and is upregulated in many hu- 
man cancers (126). Inhibitors of the enzyme 
demonstrate anti-angiogenic activity in animal 
models of cancer, suggesting that COX-2 activ- 
ity may be a target for therapies acting in- 
directly on VEGF (127, 128). 

PIGF and VEGF-B 

Like VEGF, PIGF is also induced by hypoxia 
(129), and recent work has shown PIGF expres- 
sion to be activated by FoxDl, a member of the 
ForkheadAVinged Helix family of transcription 
factors associated with branching of the ureteric 
bud in the kidney (130). PIGF-nuU mice have 
not been reported to develop renal defects, indi- 
cating either a non-essential or redundant role 
for PIGF in the kidney. In addition, PIGF is 
upregulated in keratinocytes during wound 
healing (65, 131). The. three human isoforms of 
PIGF differ in their affinities for the ECM, with 
P1GF-2 incorporating a sequence of 21 amino 
acids necessary for binding to heparin (17, 132). 
VEGF and PIGF are therefore both regulated 
according to tissue oxygenation and matrix in- 
teractions, demonstrating the interplay between 
vascular development and the ECM. 

VEGF-B does not respond to hypoxia, Ras 
oncoprotein or several other stimuli known to 
regulate other VEGF family members (112, 
133, 134), and the mechanisms whereby VEGF- 
B gene expression is regulated remain unclear. 

THE LYMPHATIC VASCULATURE 

The lymphatic vasculature is composed of a net- 
work of blind-ended, thin-walled vessels and 
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capillaries lined by a continuous layer of endo- 
thelial cells (135). Extravasated fluid and solutes 
from the extracellular spaces are collected by 
the initial lymphatics, then passed through a 
network of progressively larger lymphatic ves- 
sels, finally returning to the blood circulation 
via the thoracic duct (136). In addition, the lym- 
phatic system is a major site of immune surveil- 
lance as stimulated dendritic cells migrate to the 
lymph nodes where foreign antigens are pre- 
sented to lymphocytes (137). 

Embryonic development and physiological 
lymphangiogenesis 

The lymphatic vessels develop subsequent to 
the formation of the blood vasculature, leading 
to the suggestion that they are derived from the 
blood vessels (138). Recent advances in the 
understanding of lymphatic development have 
shown that expression of the homeobox tran- 
scription factor Prox-1 by a population of endo- 
thelial cells in the cardinal vein during embryo- 
genesis is a defining characteristic of differen- 
tiation to the lymphatic phenotype (139, 140). 
Subsequent budding and sprouting of the Prox- 
J positive cells gives rise to the lymphatic vas- 
culature (for review see (141)). 

Two members of the VEGF family, VEGF-C 
and VEGF-D, have been shown to act as 
lymphangiogenic growth factors (142, 143). Ex- 
pression of either growth factor in the skin of 
transgenic mice results in lymphatic hyperplasia 
without altering the blood vasculature (143, 
144). Disruption of the VEGF-C gene demon- 
strates that the growth factor is indispensable 
for embryonic lymphangiogenesis (145). Em- 
bryos carrying a homozygous deletion of 
VEGF-C are not viable, and fail to form the 
initial lymph sacs which generate the lymphatic 
vasculature. Prox-1 expression was detected in 
endothelial cells of VEGF-C deficient embryos, 
but the Prox-1 positive cells failed to migrate 
from the cardinal vein (145), indicating that 
VEGF-C is required for migration of the endo- 
thelial cells which go on to form the lymphatic 
system. VEGF-C exhibits a gene dosage effect 
as mice carrying only one functional VEGF-C 
allele are prone to lymphedema (145). The role 
of VEGF-D during embryonic development is 
unknown. 

In the human, VEGF-C and VEGF-D are 
ligands for VEGFR-2 and the related receptor 



tyrosine kinase VEGFR-3 (146, 147), although 
mouse VEGF-D binds only VEGFR-3 (148). In 
the early embryo VEGFR-3 is broadly ex- 
pressed on the endothelium, but in time be- 
comes restricted to the lymphatic endothelium 
(149), leading to the suggestion that VEGFR-3 
signals for lymphangiogenesis. Functional 
studies support this hypothesis, demonstrating 
that VEGFR-3 transduces mitogenic and mi- 
gratory signals in lymphatic endothelial cells, 
and stimulation of the receptor blocks 
; apoptosis induced by serum starvation (150). 
Furthermore, expression in the skin of a mutant 
form of VEGF-C specific for VEGFR-3 causes 
lymphatic hyperplasia without altering blood 
vessel structure (143), and disruption of 
VEGFR-3 signalling in the same model blocks 
development of the lymphatic phenotype (143). 
VEGFR-3 is therefore a major transducer of 
lymphangiogenic signalling in the adult. In ad- 
dition, deletion of the VEGFR-3 gene results in 
embryonic death due to defective remodelling of 
the large blood vessels (151). VEGFR-3 there- 
fore has a role in embryonic vascular develop- 
ment prior to the emergence of the lymphatics. 

VEGF-C has also been shown to bind to 
NRP-2 (152), and deletion of the NRP-2 gene 
impairs formation of the small lymphatics 
(153), leading to the hypothesis that NRP-2 
may act as a co-receptor for VEGFR-3, in a 
fashion analogous to NRP-1 acting as a co-re- 
ceptor for VEGFR-2 (Fig. 1). 

Examination of VEGF-C and VEGF-D func- 
tion in a number of assays has also shown an 
angiogenic activity for the growth factors (154— 
158), presumably via activation of VEGFR-2. 
Gene delivery experiments using adenoviruses 
expressing VEGFs show induction of angiogen- 
esis by VEGF-C and VEGF-D in vivo (55, 56). 
Although the physiological significance of 
VEGF-C and VEGF-D in angiogenesis is un- 
clear the promising results achieved so far with 
gene delivery approaches suggest a role for the 
factors in therapy for ischemic disease. 

Pathological lymphangiogenesis and lymphatic 
dysfunction 

Cancer. Given the propensity for numerous 
types of cancer to metastasize via the lymphatic 
system, it has been proposed that tumors may 
stimulate lymphangiogenesis in a manner anal- 
ogous to tumor angiogenesis, thereby promot- 
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ing lymphogenous metastasis (6, 159). The pro- 
duction of lymphangiogenic growth factors is 
believed to stimulate lymphatic vessel develop- 
ment in the region of the tumor, enabling cancer 
cells to gain access to the lymphatic vasculature. 

A number of animal models have been utilised 
to examine the potential of VEGF-C and VEGF- 
D to promote lymphatic metastasis. Studies in 
which VEGF-C or VEGF-D were expressed in 
transplanted tumor cells or transgenic tumor 
models have demonstrated that these growth fac- 
tors promote tumor lymphangiogenesis and lym- 
phatic metastasis (160-164). Furthermore, 
clinicopathological studies of these lymphangio- 
genic growth factors in cancer reveal that, in 
many instances, expression of VEGF-C or 
VEGF-D does indeed correlate with the capacity 
of a tumor to metastasize (1 65-1 70). Analysis of 
xenograft tumor models has revealed that 
VEGF-C and VEGF-D can also drive tumor 
angiogenesis and accelerate solid tumor growth 
(158, 164), potentially as a result of VEGFR-2 
activation. For a complete discussion of VEGF- 
C and VEGF-D and tumor lymphangiogenesis, 
see Stacker et al., this issue. 



Lymphedema. A spectrum of pathologies exists 
stemming from inadequate lymphatic function 
(for review of disorders of the lymphatic system 
see (135, 171)). Although sharing the common 
feature of fluid accumulation in tissues as a re- 
sult of inadequate lymphatic drainage (lym- 
phedema), the underlying causes may be either 
familial or acquired. Specific genetic lesions 
have been identified in a few instances of in- 
herited lymphedema, providing insights into 
lymphangiogenesis. Specifically, mutations in 
the VEGFR-3 gene have been identified in a 
number of cases (172, 173), and the forkhead 
transcription factor FOXC2 is also implicated 
in congenital lymphedema (174). Acquired lym- 
phedema can be the result of infection (com- 
monly filariasis) or lymph node resection and 
radiation treatment of cancer. Regardless of the 
cause, current treatments for lymphedema are 
targeted towards alleviating symptoms rather 
than treating the underlying causes (171). A 
better understanding of the molecular control 
of lymphangiogenesis offers the potential to de- 
velop novel treatments for this painful and dis- 
figuring condition based on stimulating lym- 



phatic development to enhance or restore lym- 
phatic function (7, 8). 

Molecular regulation of lymphangiogenic 
VEGFs 

Proteolytic activation of VEGF-C and VEGF- 
D. VEGF-C and VEGF-D are both synthesised 
as proproteins, with the central receptor binding 
VEGF homology domain (VHD) flanked by N- 
and C-terminal propeptides (146, 147). During 
biosynthesis the propeptides are cleaved off, 
yielding the mature VHD (175, 176). As a 
consequence of proteolysis VEGF-C acquires 
the capacity to bind to VEGFR-2 (175) and a 
recombinant mature form of VEGF-D shows 
an approximately 290-fold greater affinity for 
VEGFR-2 than unprocessed VEGF-D (176). 
Full-length forms of both growth factors bind 
to VEGFR-3, but do so with greater affinity 
after proteolytic maturation (175, 176). In sup- 
port of these observations, mutation of one of 
the sites of proteolytic cleavage in VEGF-C has 
been shown to reduce lymphangiogenesis and 
angiogenesis induced by VEGF-C in a mouse 
tumor model (177). 

The capacity of the mature forms of VEGF- 
C and VEGF-D to act as ligands for VEGFR- 
2 explains how these proteins stimulate angio- 
genesis in addition to lymphangiogenesis (156- 
158, 164). The proteolysis-dependent binding to 
VEGFR-2 may represent a mechanism whereby 
the angiogenic activity of VEGF-C and VEGF- 
D is activated. 

The marked effect of the proteolytic acti- 
vation of VEGF-C and VEGF-D on their af- 
finity for VEGFR-2 and VEGFR-3 indicates 
that the enzymes carrying out this processing 
are important regulators of lymphangiogenesis 
and angiogenesis. Treatment of VEGF-C and 
VEGF-D with the fibrinolytic serine protease 
plasmin was recently shown to generate fully 
processed, mature forms of the VHD with 
greatly enhanced capacities to activate both 
VEGFR-2 and VEGFR-3 (178). Since plasmin 
can also release ECM-bound VEGF, this en- 
zyme is capable of activating both angiogenic 
(36) and lymphangiogenic growth factors (Fig. 
2). These findings suggest that plasmin is a mas- 
ter regulatory molecule that co-ordinates 
lymphangiogenesis, angiogenesis and fibrinoly- 
sis during wound healing. 

Some members of the furin/proprotein con- 
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vertase (PC) family of proteases have also been 
shown to partially activate VEGF-C (177). The 
PCs are a family of ubiquitously expressed pro- 
teases capable of activating a range of precursor 
proteins by cleavage downstream of dibasic resi- 
dues. Substrates for the PCs include numerous 
growth factors, zymogens, receptors and viral 
proteins (for review of PC function see (179, 
180)). The PCs furin, PC5 and PC7 are able to 
cleave VEGF-C at the C-terminal site of pro- 
teolysis, thereby cleaving the C-terminal pro- 
peptide from the VHD (177). However, it is not 
known if PCs cleave the N-terminal propeptide 
from the VHD, nor if they process VEGF-D. 

These observations suggest a model in which 
VEGF-C and VEGF-D may - be activated in 
various biological contexts. Firstly, regulated 
expression of PCs could activate VEGF-C and 
VEGF-D during embryogenesis, when plasmin 
is unlikely to play a role (note that mice de- 
ficient for plasminogen, the plasmin precursor, 
are viable and have not been reported to suffer 
lymphedema (181)). Plasmin could activate 
VEGF-C and VEGF-D from a pool of inactive 
full-length molecules in response to tissue dam- 
age in adults. It is known that both VEGF-C 
and VEGF-D are localised in vascular smooth 
muscle in adult human tissues (182, 183). Local 
activation of these molecules in response to 
tissue damage and plasmin production could 
represent a mechanism for stimulating rapid 
vessel repair during wound healing. In addition, 
activation of VEGF-C and VEGF-D by plas- 
min may be associated with tumor lymphangio- 
genesis, given that plasminogen deficient mice 
show delayed formation of lymph node meta- 
stases when inoculated with Lewis lung carci- 
noma cells (184). Upregulation of VEGFR-2 
and VEGFR-3 on blood vessels during wound 
healing and tumor angiogenesis (185) may fa- 
cilitate the development of new vessels. 

Induction of VEGF-C expression by inflammatory 
cytokines. Interleukin-1 (IL-1) and Tumor Ne- 
crosis Factor-a (TNF- a) stimulate VEGF-C 
expression in human lung fibroblasts and hu- 
man umbilical vein endothelial cells (HUVEC) 
(186). In conjunction with inflammation-in- 
duced VEGF expression and angiogenesis, ex- 
pression of VEGF-C and consequent lymph- 
angiogenesis may have a role in maintaining fluid 
balance in the inflamed tissue. Also, an immune 



response at the site of inflammation may depend 
upon increased lymphatic function in the affect- 
ed area. It therefore seems logical that inflamma- 
tory mediators can induce expression of a lymph- 
angiogenic growth factor such as VEGF-C. 

VEGF-C and COX-2. The association of 
VEGF-C with the inflammatory response ex- 
tends to COX-2. Recent work has shown COX- 
2 to be capable of upregulating VEGF-C ex- 
pression in human lung adenocarcinoma cells 

(187) . In addition to VEGF-C, CQX-2 activity 
and some prostaglandins produced by COX-2 

(188) also elevate angiopoietin-2, another pro- 
tein required for lymphangiogenesis (189). 
COX-2 is therefore an inducer of two proteins 
integral to lymphangiogenesis. This relationship 
has significant implications for tumor lymph- 
angiogenesis and metastasis, given the earlier 
observation that elevated COX-2 expression 
may be associated with lymph node metastasis 
from adenocarcinoma of the lung (190). COX-2 
may therefore be a major inducer of angiogenic 
and lymphangiogenic proteins, and a potential 
target for anti-metastatic therapies based upon 
existing anti-inflammatory compounds. 

VEGF-D induction by fos. The mouse homolo- 
gue of VEGF-D was originally identified as a 
novel c-fos responsive gene (191), and sub- 
sequent investigation of the X-linked human 
VEGF-D gene (192) revealed a canonical AP-1 
binding site in the transcriptional promoter 
(192, 193). It has been reported that VEGF-D 
levels are high in glioblastoma multiforme 
(GBM), yet levels of c-fos are very low in this 
tumor (194). However, the fos-related antigen- 
1 (fra-1), another AP-1 transcription factor, is 
elevated in GBM and induces VEGF-D expres- 
sion (194). Therefore, the AP-1 transcriptional 
activation pathway appears to be a regulator of 
VEGF-D expression. Although the significance 
of this relationship in healthy physiology is un- 
clear, the association between increased tran- 
scription mediated by AP-1 and tumorigenesis 
is well established (108). Therefore, elevated AP- 
1 activity may lead not only to neoplasia, but 
also to tumor angiogenesis and lymphangiogen- 
esis via elevated VEGF-D expression. 

VEGF-D and cell-cell contact. The cadherins are 
a family of calcium-dependent cell surface pro- 
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teins which mediate cell-cell adhesion through 
homotypic binding with their counterparts on 
adjacent cells (195). VEGF-D expression has 
been shown to be enhanced by cadherin-11 in 
vitro whereas inhibition of cadherin-11 expres- 
sion reduces VEGF-D induction (196). In ad- 
dition, VEGF-D mRNA stability is downreg- 
ulated by cytosolic P-catenin (197). p-catenin 
exists either as a structural protein at the cell 
membrane in a complex with the cadherins, or 
in the cytoplasm. Repression by cytosolic P-cat- 
enin and upregulation in response to cadherin- 
11 implies that VEGF-D expression is depend- 
ent upon stable cellular interactions with the 
surrounding environment, and may have impli- 
cations for the secretion of lymphangiogenic 
growth factors by migrating cells. 

CONCLUDING REMARKS 

Numerous members of the VEGF family share 
common mechanisms of regulation. Regulating 
the angiogenic and lymphangiogenic activities 
of the VEGFs via common pathways may allow 
coordinated development of the lymphatic and 
blood vasculature, necessary for fluid homeo- 
stasis. 

The existence of multiple protein isoforms 
generated by variations in RNA splicing has 
been reported for all mammalian VEGFs except 
VEGF-C. In the case of VEGF (14-16), VEGF- 
B (19, 20) and P1GF (17, 18) the generation of 
isoforms with different affinities for heparin 
and the ECM/cell surface regulates the biologi- 
cal distribution of these molecules. However, 
the significance of the two isoforms of mouse 
VEGF-D (21), that differ in the C-terminal pro- 
peptide, is as yet unknown. 

Proteolysis regulates several VEGFs (Fig. 2), 
and significantly influences receptor affinity of 
one isoform of VEGF-B (53), and receptor af- 
finity and specificity of VEGF-C (175) and 
VEGF-D (176). Proteolysis also modulates 
VEGF activity, by releasing ECM-bound forms 
of VEGF (36). The findings that plasmin can 
activate both VEGF-C and VEGF-D (178), in 
addition to releasing VEGF from the ECM 
(36), indicate the potential importance of this 
protease for co-ordinating angiogenesis, lymph- 
angiogenesis and fibrinolysis in wound healing. 

Hypoxia is a critical stimulus for the angio- 



genic factors VEGF (95-98) and P1GF (129); 
however, there is no compelling evidence that 
it drives the expression of the lymphangiogenic 
growth factors VEGF-C and VEGF-D. This 
seems logical given that modulation of tissue 
oxygenation is not a direct function of the lym- 
phatic vasculature. 

The identification of the VEGFs as inducers 
of angiogenesis and lymphangiogenesis has led 
to new therapeutic possibilities for diseases as- 
sociated with vascular function. These include 
stimulation of these processes using recombin- 
ant proteins or gene delivery systems to treat 
ischemic disease and lymphedema. Addition- 
ally, pathological angiogenesis and lymphangio- 
genesis in solid tumors could be blocked by in- 
hibitors of these growth factors, such as mono- 
clonal antibodies and soluble receptors. 
However, as our understanding of the mechan- 
isms regulating the VEGFs becomes more ex- 
tensive there will be opportunities to manipulate 
the stimuli that influence the production or ac- 
tivity of these growth factors. For example, it 
may prove clinically attractive to inhibit the pro- 
teases that activate the lymphangiogenic growth 
factors in order to block formation of tumor 
lymphatics and the resultant lymphogenous 
metastasis. Likewise, inhibitors of the HIF-1 
hypoxia response pathway may be of benefit to 
block production of VEGF and resultant tumor 
angiogenesis (99). Future advances in our 
understanding of the biological regulation of 
the VEGFs will reveal more potential ap- 
proaches for manipulating angiogenesis and 
lymphangiogenesis in the clinic. 
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lummmary. Angiogenesis is the neovascularization or 
Jprmation of new blood vessels from the established 
Microcirculation, It is particularly important and 
dispensable in a large number of normal and 
lathological processes during pre- and post-natal life, 
eluding neoplasia, inflammation, wound repair and 
>llaterization in response to ischemic stimuli. The 
jurrent interest in the role of neovascularization in the 
|ansition from hyperplasia to neoplasia, as well as in the 
imour 'growth and metastasis, has brought about a large 
umber of studies on angiogenesis. The complex 
rocesses of neovascularization, quiescent in the adult 
■ganism, may occur rapidly in several circumstances, 
ith the implication of the following events: a) 
Jhdothelial cell (EC) and pericyte activation; b) basal 
iPniina degradation; c) migration and proliferation of EC 
;;fC lnd pericytes; d) formation of a new capillary vessel 
lumen; e) appearance of pericytes around the new 
|apillaries; f) development of a new basal lamina; g) 
Capillary loop formation; h) persistence or involution, 
iid differentiation of the new vessels; and i) capillary 
network formation and, eventually, organization into 
larger microvessels. The use of numerous "in vivo" and 
fin vitro" systems has facilitated the assessment of 
fpgiogenesis control, in which angiogenic (fibroblast 
|growth factors, vascular endothelial growth factor, 
|platelet endothelial growth factor, E series prostaglandin! 
fngiogenin, monobutyrin) and antiangiogenic (cartilage- 
jderived angiogenic inhibitor, thrombospondin, 
^protamine, platelet factor-4, interferon, angiostatic 
lantibiotics, steroids) substances intervene. Heparin and 
|"eparin sulphate also play a key role in these 
piechanisms. A greater knowledge of angiogenesis 
i^ntrol may lead to the development of a potential 
Pherapy in angiogenesis-related processes. 

Jfcey words: Angiogenesis, Endothelium, Pericytes, 
|uunour angiogenesis, Angiogenic factors, Angiogenic 
^antagonists 
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Processes in the development of new vessels. 
Vasculogenesis and angiogenesis 

In the development of new blood vessels, it is 
necessary to distinguish between vasculogenesis and 
angiogenesis (Risau et ah, 1988; Risau and Lemmon 
1988; Demir et al., 1989). Vasculogenesis is the process 
by which some vessels develop in the embryo, such as 
the dorsal aortae and the posterior cardinal veins 
Histogenically, vasculogenesis is defined as capillary 
development from differentiating endothelial cells (EC) 
"in situ". This process takes place in blood islands, 
which originate from the splachnopleuric mesoderm! 
After their segregation from the mesoderm, some 
mesenchymal cells transfonn into nests of isolated cell 
cords of hemangioblasts, which are the precursors of 
both EC and blood cells. The peripheric cells of the 
angioblastic masses differentiate into EC, while the 
blood cell precursor cells are found in the centre of the 
blood islands, wherein a lumen is developed. The newly 
formed lumens soon coalesce (Gonzalez-Caissi 1971' 
Pardanaud et ah, 1987; Coffin and Poole, 1988). Finally! 
the smooth muscle cells and pericytes are aggregated 
from undifferentiated mesenchyme. 

Angiogenesis is the process characterized by the 
formation of new blood vessels from an established 
microvasculature during the development of the 
embryonic vascular tree as well as in several normal and 
pathological conditions during post-natal life. 
Histogenically, it is defined as a mechanism of neo- 
vascularization by the sprouting of capillaries from pre- 
existing vessels. 

In the present article, only the angiogenesis process 
will be reviewed. 

Incidence and importance of angiogenesis 

Angiogenesis is indispensable in embryonic and fetal 
development, as well as in a large number of normal and 
pathological processes during post-natal life (Warren, 
1979a, b; Schor and Schor, 1983; Folkman, 1985; 
D'Amore and Thompson, 1987; Madri and Pratt, 1988; 
Paweletz and Knierim, 1989). Therefore, the area 
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involved m the study of angiogenesis is" far-reaching, 
covering numerous fields and. many disciplines 
(Auerb^chetal., 1991). 

During early embryonic development, new vessel 
formation or neovascularization, is an important event 
(Feinberg et al., 1991). Thus, a wide range of 
investigations at cellular and molecular levels on 
embryonic angiogenesis during organogenesis exist 
(Stewart and Wiley, 1981; Ekblom et al., 1982; Risau, 
1986; Risau and Ekblom, 1986; Risau and Lemmon 
1988; Risau etaL, 1988). 

Angiogenesis is generally a quiescent process in the 
adult organism. Nevertheless it may occur rapidly in 
several normal circumstances. For example, the need for 
additional vasculature is imposed on the cyclic evolution 
of transient structures in the female reproductive system 
(for review, see Findlay, 1986), including the sequential 
maturation of ovarian pre-ovulatory follicles (Harris and 
Eakin, 1949; Richards, 1980; Sato et al., 1982; Koos and 
LeMaire, 1983; Makris et ah, 1984; Frederick et al., 
1984; Rone and Goodman, 1985; Koos, 1986) and 
subsequent development of the corpora lutea (Brambell 
1956; Jakob et al., 1977; Heder et al., 1979; Kanzani et 
al., 1985; Goodman and Rone, 1985), cyclic extensions 
and repair of the functional endometrium (Markee, 1940- 
Abel!, 1946; Foley et al., 1978; Christianens et al/, 
1982), decidual transformation, implantation and 
placentation (Edwards, 1980; Gospodarowicz et al 
1985; Feinberg et al., 1991), and. mammary gland 
changes associated with lactation. 

Furthermore, angiogenesis is an important component 
of many pathological processes, such as chronic 
inflammation, regeneration, wound healing, thrombi 
organization, collateral circulation development, 
neoplasias, and of several conditions in which the term 
"angiogenic disease" has been proposed, since an 
abnormality of capillary growth is their principal 
pathological feature (Folkman, 1989). Among the 
"angiogenic diseases" are hemangiomas, psoriasis 
(Majewski et al., 1987), scleroderma (Kaminski et al, 
1984), rheumatoid arthritis, diabetic retinopathy (Davis! 
1 988) and neovascular glaucoma. 

The role of angiogenesis in neoplasias is of great 
interest, especially in the progressive growth and 
metastases of solid tumours (Folkman, 1 972, Schor and 
Schor, 1983; Folkman, 1985a,b,c). This has brought 
about a large number of descriptive studies on 
angiogenesis, as well as studies on the possible 
mechanisms involved in this process (Folkman, 1975 
1985a,b,c; D' Amore and Thompson, 1987; Folkman and 
Klagsbrun, 1987; Zetter, 1988; Paweletz and Knierim 
1989; Blood and Zetter, 1990). 

Angiogenic phenomena 

The regions of the vascular tree with angiogenic 
capacity, the timing, pattern and the events of new blood 
vessel formation, and some of the peculiar forms of 
angiogenesis, will be considered in this section. 



Regions of vascular tree with angiogenic capacity 

In,general, it is accepted that vascular sprout* 
originate from the walls of pre-existing capillaries and 
from small venules (Mc Cracken et al M 1979; Tano et al 
1981; Sholley et al, 1984), but mainly from the latter 
(Schoefl, 1963; Ausprunk and Folkman, 1977). Some 
authors restrict the origin and point out that new vessek 

^! s £. only from the ve n™s side of the circulation 
(Phillips et al„ 1991), specifically from small venules 
which lack smooth muscle cells (Ausprunk and 




Fig. 1. Femoral vein of the rat 5 days after PGE2 and triacetln 
administration into the soft tissue surrounding it. Numerous vascular 
buds arising from the vein are present (arrowheads). VL: Vein lumen; 
IL: discontinuous Internal elastic lamina. Semithin section; toluidine blue. 
x900 
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pieman, "1977). For others, the fact that the venules 
p^ere the predominant source, perhaps only reflects the 
^argex surface area of the venular plexus in certain 
Explored areas (Burger et al., 1983). Recently, it has 
|een demonstrated that vessels of greater calibre in the 
'Venous side of the circulation, such as the rat femoral 
^vein, with a discontinuous internal elastic lamina and 
smooth muscle cells in their media layer, are capable of 
•contributing to angiogenesis, on occasions with an 
intense neovascularization (Fig. 1). Indeed, a single 
application of prostaglandins El and E2 in triacetin 
solution into the soft tissue surrounding the rat femoral 
lyein induces a sudden and intense angiogenesis, with the 
[vascular sprouts arising from the EC in the intima of the 
vein (Diaz-Flores et al, 1994). 

Although few 3 H-labelled EC in small arteries have 
fbeen demonstrated during angiogenesis (Burger and 
Klintworth, 1981), new vessels do not seem to originate 
from the arterial side of the circulation, 

'Timing and pattern of capillary formation. Vision of 
angiogenesis using scanning electron microscopy 

Scanning electron microscopy of vascular casts has 
(been utilized to study the early changes in vasculature 
f responding to angiogenic stimuli (Burger et al, 1983; 
fGarbett and Gibbins, 1987; Forsman and McCormak, 
1 1992). During the first hours, preformed capillaries and 
fppstcapillary venules became widely distended and 
|tortuous, the postcapillary vein being affected more 
f extensively. Tn the walls of the venules, numerous 
^impressions occur, corresponding to marginating 
I leukocytes. Vascular sprouts originate from both venules 
| and capillaries, although predominantly from venules. 
| The sprouts appear rapidly, being seen as early as 27 
pours after angiogenic stimuli (Burger et al., 1983). 

Between three and five days, the number of sprouts is 
| intensely increased to produce a rich anastomosing 
i plexus. In some conditions, the process of neo- 
n vascularization may be extremely fast. For example, 
[ throughout days 1 and 2 of the cycle, the hamster corpus 
/luteum vasculature grows from the existing theca 
j vessels. Flat veins, characteristic of the external surface 
of a mature corpus luteum, appear at day 2. Involution of 
the corpus luteum vasculature takes place throughout 
I day 3 of the cycle (Forsman and McCormack, 1992), 

Events of new blood vessel formation 



4 Angiogenesis is a multistep complex process which 
| has been considered in several studies under various 
; Pathological conditions (Cliff, 1963; Schoefl, 1963; 
! Yamagami, 1970; Bar and Wolff, 1972; Cavallo et al., 
j 1973; Ausprunk and Folkman, 1977; Warren, 1979; 
\ Sholley et al., 1984; Dvorak et al., 1987; Wakui et al, 

Scuta? i- 9 i 8; Paku and Pawelctz, 1991). Besides the 
lumen; " Inflammatory phenomena which occur prior to and 
to blue. \ during angiogenesis, the events essentially involved in 
j c *pillary growth in vivo include (Brenk, 1955; Cliff, 
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1 i %3 i ; .£? C ¥ r et al " 1970; Yamagiami, 1970; Inomata et 
al., 1971; Ausprunk and Folkman, 1977; Schor and 
Schor, 1983, Sholley et al., 1984; Folkman, 1985a b c 
Freemont and Ford, 1985; Furcht, 1986; D'Amore and 
Thompson, 1987; Madri and Pratt, 1988; Paweletz and 
Knienm, 1989; Paku and Paveletz, 1991; Diaz-Flores et 
al., 1992): a) EC and pericyte activation; b) degradation 
of the basal lamina of pre-existing vessels by EC 
(proteolytic destruction of the extracellular matrix); c) 
EC migration from pre-existing vessels towards the 
angiogenic stimulus; d) EC proliferation; e) migration 
and proliferation of pericytes from pre-existing vessels; 
f) formation of a new capillary vessel lumen (vascular 




Fig. 2. Preformed postcapillary venule of rat surrounding epineural 
microcirculation after angiogenesis stimulus and intravenous 
administration of Monastral Blue (MB). MB particles have leaked 
through interendothellal gaps and are present between the endothelial 
cells (EC) and the pericytes (P), within the basal lamina. Ultrathin 
section; uranyl acetate and lead citrate, x 8,000 
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tube formation); g) appearance of pericytes around 
the new capillaries (pericytes in, angiogenesis); h) 
changes in extracellular matrix with development of a 
new basal lamina; i) capillary loop formation; j) early 
changes in the newly formed vessels (persistence, 
involution and differentiation); and k) capillary network 
formation and eventually organization of larger 
microvessels. 

Although, stepwise, the current model of angio- 
genesis is controversial, needing reconsideration, 
(Schlingemann et a)., 1991), our review will follow the 
latter, referring to the doubts therein and including the 
associated inflammatory phenomena. 




Inflammatory phenomena associated with angi 0 . 
genesis i 

New blood vessel formation is an orderly process 
which is coordinated with inflammation, immunological 
activity, debridement and fibroplasia (Jennings and 
Florey, 1970; Auerbach, 1981; Peacock, 1984; West et * 
al., 1985). Thus, an inflammatory response, with 
vascular dilation, increased vascular permeability an<f 
diapedesis of leukocytes may precede and accompany 
the angiogenic phenomena (Mc Cracken et aL, 1 979) ' 

Dilation of the blood venules and capillaries occurs • 
rapidly. For example, in corneal vascularization induced 



by ' 
(Mc 
The 

inte: 
as o 

1 

ang 
inje< 
and 
Gib! 
blue 
Diaz 
and 
the : 
bein 

* 

proc 
(Gar 
inter 
label 
new 
peric 

196; 

dem< 
(Fig. 




/ T il 6 ,r \ crease <? VM0 "! a ' Permeability during angiogenesis Is demonstrated by the presence of extravascular fibrin (F) around both a parent fva^J 
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r b y silver nitrate, the dilation takes place within 1 hour 
i($c Cracken et ah, 1979), intensifying progressively. 
I The connective tissue becomes edematous and 
°cess ^ | intercellular contacts between EC have been described 
>gical 1 a s opened (Ausprunk and Folkman, 1977; Dvorak et al 
> and 1 1988; Paku and Paweletz, 1991). 
es t et 1 The changes in vascular permeability during 
Wlfh ^angiogenesis were studied using the intravenous 
injection of different markers (Schoefl, 1963; Sugiura 
and Matsuda, 1969; Yamagami, 1970; Garbett and 
Gibbins, 1987), such as colloidal carbon or monastral 
cc urs blue to label leaky vessels (Garbett and Gibbins,1987' 
iuced Ipiaz-FIores et aL, 1992) (Fig. 2). Preformed capillaries 
and post-capillary venules become variably permeable to 
the introduced colloid marker, the observed pattern 
i being different from the characteristic labelling pattern 
~ ^produced by the inflammatory mediator, histamine 
Vs - %(Garbett and Gibbins, 1987). During angiogenesis, the 
t# Interconnecting networks of newly-formed vessels often 
41 |label strongly, especially along the advancing border of 
jfnew vessels, until the basal lamina is laid down and 
^pericytes emerge along the length of the sprout (Schoefl, 
11963). The increased vascular permeability is also 
, g ^demonstrated by the presence of extra vascular fibrin 
I^ Fig> 3 ) and di,ated lymphatics. Extravascular fibrin 




parent 



)J$- 4. Dilated perjlimbal venule in the first stage of corneal 
r ♦hin *f,* scu,arizalion Educed by silver nitrate in the rat. Inflammatory cells 
Uratnm ^Predominantly polymorphonuclear leukocytes) are seen passing 
• t hough the endothelial junction (arrow) and in the Interstititum. Semithin 
action; toluidine blue, x 700 



deposits, which are found during inflammation, wound 
healing (Madri and Pratt, 1988) and in the periphery of 
tumours (Nagy et al., ■ W8'8), are important during 
angiogenesis. Thus, neovascularization is induced by 
fibrin gels in vitro (Nicosia et aL, 1982) and in vivo 
(Dvorak et aL, 1987). Also, it has been demonstrated 
that cultured EC synthesize fibronectin (Jaffe and 
Mosher, 1978; Birdwell et aL, 1978) and that the 
growing capillaries produce fibronectin in situ (Clark 
1982a,b). During EC growth, the fibronectin may 




Fig. 5. Preformed postcapillary venule after angiogenic stimulus. A 
macrophage (M) appears trapped between endothelial cells (EC) and 
pericytes (P), within the basal lamina. A pericyte in mitosis (PM) is 
observed. L: Postcapillary venule lumen. Ultrathin section; uranyl 
acetate and lead citrate, x 13,500 
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mediate EC adherence (Clark, 1985) and chemotaxis 
(Bowersox and Sorgente, 1982). ■"■■« 

Within. a few hours* intravascular accumulation of 
platelets and polymorphonuclear leukocytes (PMNs) 
occurs, with early diapedesis of leukocytes outside the 
vessel lumen. This association of inflammatory cells 
with the neovascularization in several processes is a 
recognised observation (Clark and Clark, 1939; Mc 
Donald, 1959; Grillo, 1963; Jennings and Florey, 1970; 
Ross et al., 1970, Ryan and Spector, 1970). Indeed, 
before and during vascular sprouting, inflammatory cells 
are observed adhering to the endothelium of the parent 
vessels, as well as passing through the endothelial 
junctions and the pericyte-endothelial space. Between 1 
and 6 h after angiogenic stimuli, the PMNs predominate 
(Fig. 4). Thereafter, the number of monocytes/ 
macrophages increases, while the number of PMNs 
decreases dramatically. Frequently, the monocytes/ 
macrophages, either individually or in small clusters of 
two or three, simultaneously appear trapped between the 
EC and the pericytes, within the basal lamina (Fig. 5). 
The new vessels arise following the margination and 
diapedesis of the leukocytes. In an irnmunohisto- 
chemical study of the cellular events after chemical 




Fig. 6. Bulging pericytes (P) from a limbal postcapillary venule with 
shortening of their processes (arrows). Semithin section: toluidine blue 
X900 



cauterization of the murine cornea, it has been 
demonstrated that the infiltrating cells which preceded 
the ingrowth of new-blood vessels are granulocytes and 
inflammatory monocytes. On the contrary, macrophages 
T lymphocytes, eosinophils, or mast cells were not part 
of the infiltrate before the appearance of new capillaries 
(SunderkStter et al., 1991). Leukocytes do not seem to 
be essential for the initiation and continuation of 
angiogenesis. For example, corneal vascularization has 
been produced in the absence of leukocytes in rats and 
rabbits (Sholley et at., 1978). Nevertheless, leukocytes 
may have a facilitatory or augmentative role in 
vascularization (Fromer and Klintworth, 1975a,b, 1976- 
Polverini, 1977a,b; Sholley et al., 1978). Progressively' 
fibrin material, erithrocytes, macrophages and dividing 1 
fibroblasts appear in the interstitium. Usually, angio- !! ^ 
genesis is also accompanied, to a variable extent, by 'I 1^ f ^ 
fibroblast proliferation which participates in reparative *' • ' 
processes. 
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Endothelial cell and pericyte activation: 



5fi i 



'&3 



The earliest morphological changes in the normally | 
quiescent EC consist of hypertrophy with bulging in the % 
vascular lumen, nuclear enlargement, nucleolar f 
prominence, dispersal of the ribosomes into their free 
form, increase in the number of organelles and the 
formation of projections from their surfaces (Schoefl, 
1963; Yamagami, 1970; Ausprunk and Folkman 1977; 
McCracken et al, 1979; Burger and Klintworth, 1 981; 
D'Amore and Thompson, 1987). Increased endothelial llkf! 
DNA-synthesis beginning at the onset of angiogenesis *B?>-jj 
has been described (Burger and Klinworth, 1981 ; Burger I %S- 
et al., 1983). Proteases such as metalloproteases and 
plasminogen activators are secreted from sprouting EC 
(Pepper eta!., 1990). 

The pericytes also display modifications of 
both their morphological characteristics and topo- 
graphic relationship (Diaz-Flores et al, 1992) (Fig. 
6). The first ultrastructural changes in the enlarged 
pericytes from post-capillary venules include the 
shortening of their processes and an increase in the 
number of cytoplasmic polyribosomes (Fig. 7) 
(McCracken et al., 1979) (see pericytes in angio- 
genesis). 

Basal lamina degradation: 

The fragmentation and disappearance of the basal 
lamina is a necessary step for the EC migration from the 
mother vessels (Cliff, 1963; Schoefl, 1963; Ausprunk 
and Folkman, 1977). Complete disintegration occurs on 
the side closest to the angiogenic stimulus, coincidifi| 
with those areas wherein the EC start to grow outwardS . 1 
while subtle alterations seem to appear around the whole ? - 1 
circumference of the parent vessel. Therefore, the EC ( 1% ?. Prefon 
sprouts do not have basal lamina, but a homogeneous Cr^ng periCy 
provisional substratum with altered proteoglycans (Clafr fbQ^ p,asrnic f 
et al., 1982a,b). The changes in the original basal lamifl? fi^u^ 
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| are due to proteolytic enzymes synthesized and secreted 
by the activated EC (Rifkin et al., 1982; Montesano et 
at., 1986; Mo^catelli and Rifkin, 1988). Indeed, the 
release of plasminogen activator and collagenase, in 
response to angiogenic factors, has been demonstrated in 
| EC "in vitro" (Rifkin et al, 1982), 

Endothelial cell migration: 

Traditionally, it is considered that blood vessels grow 
I by means of a movement of EC (His, 1868). This fact of 
I EC migration is currently considered an important step 
j during angiogenesis (Ausprunk and Folkman, 1977). In 
\ the initial phase of neo- vascularization, the EC degrade 
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the vascular basement membrane of the parent vessel, 
protrude through its wall and begin to migrate into the 
interstitial space towards the angiogenic stimulus. Most 
researchers agree that these changes precede endothelial 
replication in such a way that migration and mitoses are 
independent phenomena (Sholley et al., 1977a,b; Wall et 
al., 1978). In other words, angiogenesis begins with 
pseudopodia of migrating EC and progresses to the 
proliferation of these cells (Matsuhashi, 1961, 1962' 
Sugiura and Matsuda, 1969; Yamagami, 1970' 
McCracken et al., 1979). Therefore, angiogenic stimuli 
may operate through chemotaxis and EC mitosis may be 
a secondary event (Sholley et al., 1977a,b; Folkman, 
1982). When the entire EC migrates into the interstitium, 




J h ?' ? * Preformed postcapillary venule after angiogenic stimulus A 

jneoUS.j ° u 9mg pericyte (P) with increase in its size and In the number of 
(Clark j Vjoplasmic polyribosomes Is seen. A macrophage (M) appears 
lamina / , * Wee /) ,h * Pericyte and endothelium (E). L: postcapillary venule 
» ■ - - "men. Ultrathin section; uranyl acetate and lead citrate, x 13,500 



Fig. 8. Endothelial cell migration during angiogenesis. Bicellular or 
bipolar configuration. Two endothelial cells (arrows) migrate from the 
wall of the parent vessel towards the perivascular space. I: Parent 
vessel lumen; ultrathin section. Uranyl acetate and lead citrate 
x 13,500 
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other EC follow and loose EC sprouts or cords are 
formed in the perivascular stroma, Twodifferent types of 
EC migration have been described (Baku y Paweletz, 
1991): a) bicellular or bipolar configuration (Burger et 
al, 1983; Folkman, 1984; Wakui, 1988), also termed as 
telescoping formation (Sholley et ah, 1984); and b) 
linear formation with a single cell type (Folkman, 1986). 
In the bicellular configuration (Fig. 8), two or more EC 
migrate from the wall of the parent vessel towards the 
perivascular space, forming nearly parallel processes 
(Sholley et al., 1984; Wakui, 1988). The pair of EC, 
attached to each other, with numerous free poly- 
ribosomes and abundant intermediate filaments, may 
appear in an area embedded within the wall of the parent 
vessel, while their processes extend outwards in unison 
to form the endothelial sprout with a narrow slit-like 
lumen (Wakui, 1988). A giant dense body, has been 
found in the cells forming the endothelial sprouts 
(Furusato et al., 1984; Wakui, 1988). In the linear 
formation (Fig. 9), a single EC projection and/or 
pseudopod migrates into the surrounding connective 
tissue from the parent capillaries (Ausprunk and 
Folkman, 1977; Folkman et al., 1979; Furusato et al., 





1984* 1985; Folkman, 1984, 1986). In both cases ft 
migration, the EC aligned with one another to create 
solid sprout, or with intercellular slit4Uce iumina ThL 
elongation and proliferation of the EC progressive?! 
lengthens the sprout. ?| 

During the process in which the EC protrude and thl 
vascular basement membrane is degraded, microscoo# 
bleeding may occur. p f 

The presence of abundant contractile intermediatl 
filaments in the endothelium of the sprouts might 
important for the extension and migration of tht, 
sprouts (Furusato et al, 1985; Wakui, 1988). Soml 
authors have reported the loosening of intercellular 
contacts between migrating EC with other EC of thl 
mother vessels, suggesting that the disrupted cell 
junctions may release EC from contact inhibition audi 
allow proliferation, while producing an increase 
vascular permeability (Ausprunk and Folkman, 1977 
On the contrary, other investigators have never observe, 
opened intercellular contacts in the neighbourhood d\ 
new capillaries, and are of the opinion that pre^xistinjf 
intercellular junctions contribute to a parallel movement 
of the EC and preserve the inside-outside polarity of thl 
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Fig. 9. Endothelial cell migration during angiogenesis. Linear formation. A single EC projection or pseudopod (arrows) miorates into the lnterstitiu$ 
from the parent vessel. Semithin sections; toluidine blue, x 900 " ^rrowsj migrates into me inters^ ... 
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Lfouting EC (Paku arid Paweletz, 1991). 
j 7 The chemotactic behaviour of EC at the tips of 
growing vessels is facilitated by the secretion of 
plasminogen activator and collagenases (Moscatelli et 
JU 1981). 

| The EC migration, in response to the extracellular 
^atrix, depends on the integrin family of cell adhesion 
Receptors (Leavesley, 1993). Indeed, attachment, 
spreading and migration of EC are mediated by integrins 
|alfa2Bl and alfa4B3 (Leavesley, 1993). EC migration on 
Kpollagea and vitronectin is mediated by alfa4B3 and it 
%ccurs in a calcium-dependent manner, while collagen 
Recognition by alfa2Bl promotes EC migration in the 
Absence of calcium (Leavesley, 1993). 
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Mature endothelial cells, normally in a resting state, 
khow an extremely slow turnover rate (Aigire et aL, 
1945; Altschul, 1954; Sparagen et aL, 1962; Folkman 
jand Cotran, 1976) of 2 months or more. Thus, using 3 H- 
flhyinidine, the labelling index is lower than 1 % in 
jjiorrnal capillary and venular EC of the retina, liver 
KTannock arid Hayashi, 1972), myocardium, stomach 
Jjjannock and Hayashi 1 972), striated muscle (Tannock 
fad Hagashi, 1972) and skin (Cavallo et aL, 1972, 1973; 
^Tannock and Hayashi, 1972; Polverini et aL, 1977b). For 
|xample, it is 0.01% in capillary EC in the adult rat 
*etina. Since the turnover rates of EC are extremely low, 
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? n ^ Q S enesis 15 generally a quiescent process in the 
healthy adult organism (SHweiki et aL, 1993) 
Nevertheless, the EC can quickly convert to a 
proliferative state during angiogenesis and in several 
related processes, such as endothelium repopulation in 
organ transplants, repair of large vessel defects and 
thrombi recanalization (Cavallo et aL, 1973; Folkman 
1984). However, EC proliferation is not absolutely 
essential, since angiogenesis has been shown to take 
place even in the absence of EC replication (Shollev et 
aL, 1984). ' 

During angiogenesis, endothelial DNA synthesis 
occurs in parent vessels before sprouting (Fig. 10), and 
according to some authors as early as 6 to 8 hours after 
an angiogenic stimulus is applied (Cavallo et aL, 1973). 
The increase of the turnover rate of EC can be 
considerable. For example, the 3 H-Thymidine labelling 
index of EC increases to 9% in tumours (Denekamp and 
Hobson, 1982). The time and the exact site of EC 
division are controversial. For some investigators, EC 
mitosis appear concomitant with sprouting (Sholley et 
aL, 1984), while most authors are of the opinion that EC 
begin in mitosis after they start to migrate. The EC 
mitosis appear in both the parent vessels (Fig. 11) and 
the newly formed vessels. In the latter, it has been 

?n^ ed T, out that ^ occur at the ti P ( Clark a «d Clark, 
1939, Hadfield, 1951), but it is accepted that when 

capillary sprout budding begins, endothelial proliferation 

takes place in cells following the "leader EC", but not 
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!% 10. Autoradiograph of a preformed postcapillary venule after angiogenic 
V*n EC in mitosis (M) is observed. Semithin sections; toluidine blue, x 1,150 



stimulus. 3H-labelled endothelial cells (EC) and pericytes (P) are present. 
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usually "at their tips. In other words, the zone of 
replication is closer to the parent vessel (Cliff, 1965; 
Auspmnfc and Folkman, 1977; Folkman, 1982, 1986; 
Clark, 1985). 

The ability of angiogenic stimuli to induce replication 
in confluent EC is associated with disruption of cell-cell 
contacts (Bavisotto et al., 1990). Likewise, the 
replicative state and its ability to respond to endogenous 
mitogens may depend on cytoskeletal organization, such 
as microtubule destabilization or changes in the cell 
shape (Liaw and Schwartz, 1993). Finally, the collagen 
in the interstitium seems to have an influence on EC 
proliferation (Madri and Stenn, 1982; Schor et aL, 1983). 




Fig. 11. A venule (V) and its capillary sprout (arrow) are shown. An 
endothelial cell In mitosis (M) is observed in the parent vessel. Ultrathin 
section; uranyl acetate and lead citrate, x 13,500 



Migration and proliferation of pericytes from pre- 
existing vessels (see Pericytes in angiogenesis): 

Formation of the new capillary vessel lumen, During 
angiogenesis, the endothelial cells form tubular channels 
capable of carrying blood. Two distinct types have been 
considered in the formation of the new capillary vessel 
lumen (Wagner, 1980): a) previous intracellular 
vacuolization in the endothelial cytoplasm of contiguous 
cells which leads to intercellular canalization by 
connection of the vacuoles (Sabin, 1920; Folkman and 
Haudenschild, 1980; Furusato et al, 1984, 1985); and b) 
initial intercellular canalization of adjacent endothelial 
processes (Figs. 12 and 13), by curvature of the EC 
(Lewis, 1925, 1931; Wakui, 1988). In general, it is 
accepted that the lumen of the capillary sprout is formed 
between the adjacent endothelial processes (Figs. 12, 
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Fig. 12. Formation of the new capillary vessel lumen by intercellular J 
canalization of adjacent endothelial cells. NCL: new capillary lumen; ^ 
VL: lumen of the parent vessel; EC: endothelial cells; P: pericytes S Fig. i 3< 
Semithin section; toluidine blue, x 900 \ P: peric 
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B), budding off the wall of the parent vessels arid 
Snserving their cellular polarity (Wakui, 1988). The 
ract moment in which the lumen of the new capillary 
Connects with the parent vessel lumen has not been 
Clarified. It may be from the beginning or in the early 
liases of the sprout formation (Yamagami, 1970; Bar 
U Wolff, 1972; Cavallo et al. f 1973; Dvorak et al M 
1988; Wakui, 1988; Paku and Paweletz, 1991). Some 
luthors consider that the new lumen evolves while the 
jprouting EC are in the wall of the parent vessel (Wakui, 
fe988). In other words, the capillary sprout lumen may be 
\n elongation of the parent vessel lumen (Wakui et al., 
1988). Other authors are of the opinion that the new 
essel lumen appears first in the sprout, merging later 
/ith the mother vessel (Ausprunk and Folkman, 1977; 
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Folkman, 1984). So that' the lumen is developed by 
transversal division of the EC (Nicosia et al.; 1982), 

Pericytes in angiogenesis: 

In the same way that EC are recognised as the 
principal cellular component of neovascularization, there 
is a controversy concerning the involvement of pericytes 
before and during the different phases of capillary 
sprouting (Burger and Klintworth, 1981). Regarding this 
problem, four aspects should be taken into account: a) 
the behaviour of the preformed raicrovasculature 
pericytes; b) the involvement of pericytes in the different 
stages of angiogenesis, including their incorporation to 
the newly formed capillaries; c) the origin of pericytes in 




pericytes- 



13. Different stages of new capillary vessel lumen formation. NCL: new capillary lumen; VL: lumen of the parent vessel; EC: endothelial cells* 
^ p : pericytes. Uttrahin section; uranyl acetate and lead citrate, x 13,500 
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the newly formed vessels; and d) the role of pericytes in 
the regulation of EC proliferation during angiogenesis. 
. ... Infonnation regarding modifications of pericytes at 
the level, of the preformed (pre-existing) capillaries and 
postcapillary venules, from which the new blood vessels 
must develop, is scarce (Cavallo et al, 1973; McCraken 
et al., 1979; Burger and Klintworth, 198.1; Diaz-Flores et 
al., 1992), The studies in preformed microvasculature 
pericytes reveal a sudden, brief and intense proliferation 
during the initial phase of angiogenesis (Diaz-Flpres et 
'ah, 1992). Indeed, it has been pointed out that, after 
angiogenic stimulus, the pericytes undergo hypertrophy, 
with shortened processes, prominent nucleoli and 
dispersal of ribosomes into their free form (Fig. 7). 
Likewise, a decrease in contact surfaces between 
pericytes and endothelium, disruption and fragmentation 
of the pericyte basal lamina in some areas, and pericytic 




Fig. 14. The relationship between an endothelial cell and a pericyte In a 
growing capillary Is shown. Cytoplasmic processes of the pericyte (P) 
and EC caving In on each other are observed (arrows). VL: vascular 
lumen. Ultrathin section; uranyl acetate and lead citrate, x 14,000 



projections into the extravascular space have been 
observed (Fig;; 6), in these conditions, many of the peri- 
cytes undergoing mitosis , and autoradiographic studies 
show an increased DNA synthesis in pericytes and EC of 
the parent vessels (Fig. 10) (Schoefl, 1963; Cavallo et 
al, 1972, 1973; Sholley et aL, 1977a,b; Burger and 
Klintworth, 1981; Diaz-Flores et al., 1992). In other 
words, the preformed microvasculature pericytes are 
substantially activated during post-natal angiogenesis 
suggesting that they may contribute to the origin of new 
cells (Diaz-Flores and Dominguez, 1985; Diaz-Flores et 
al., 1988, 1989, 1990a,b, 1991a,b, 1992). 

The second aspect is concerned with the question of 
pericyte involvement in the different stages of capillary 
sprouting. In the early stages of angiogenesis, the 
relationship between pericyte and endothelium remains 
unclear Most of the authors are of the opinion that the 
involvement of capillaries with pericytes occurs at the 
end of the proliferative stage, following lumen formation 
(Folkman and Haudenschild, 1980; Folkman and 
Klagsbrun, 1987; D'Amore and Thompson, 1987; 
Paweletz and Knierim, 1989; Blood and Zetter, 1990)! 
However, the number of pericytes increases when there 
is vascular proliferation (Schlingemann et al., 1990; 
Diaz-Flores et al. 1992) and EC may undergo mitosis 
when they are closely associated with pericytes (Cavallo 
et al., 1973; Sholley et al., 1977; Diaz-Flores et al., 
1992a). The alternative possibility of an' early 
recruitment of pericytes during angiogenesis has also 
been pointed out (Crocker et al., 1970; Inomata et al, 
1971; Verhoeven and Buyssens, 1988; Schlingemann et 
al-, 1991; Nehls et al., 1992). Even the authors that 
consider an early incorporation of pericytes to the 
vascular sprouts, do not agree on the moment of 
occurrence. Thus, some authors describe the presence of 
pericytes surrounding the buds when the endothelial 
cells extend and/or migrate to form the endothelial 
sprout (Fig, 9), or when slit-lumen appear in them 
(Yamagami, 1970; Crocker et al., 1970; Inomata et al., 
1971; Wakui, 1988). Other researchers believe that slit- 
like lumens develop when no pericytes are visible, 
pointing out that the first appearance of pericytes around 
the newly formed vessels bears no relationship to the 
development and organization of the basal lamina (Paku 
and Paweletz, 1991). The type of relationship between 
endothelial sprouts and nascent pericytes is also not 
totally clear. The fusion of pericytes with the 
endothelium at the point of active angiogenesis (Crocker 
et al., 1970; Inomata et al,, 1971), and the presence of 
cytoplasmic processes of pericytes and EC caving in on 
each other (Wakui, 1988; Furusato et al., 1990) have 
been observed in the early stages of neovascularization 
(Fig. 14). Recently, nascent pericytes showing cellular 
processes advancing at the tips of endothelial sprouts 
have been described during angiogenesis. In this way, 
the gaps between opposing endothelial sprouts are 
bridged by pericytic processes, suggesting that pericytes 
may serve as guiding structures for EC outgrowth (Nehls 
et al., 1992). Therefore, capillary sprouting could 
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[C ]ude coordinated growth of both EC and pericytes 
ehisetal, 1992). 

Another open question is concerned with the origin of 
pericytes in the newly formed vessels. The hypotheses of 
• primitive origin from mesenchymal cells derived from 
dood monocytes around new vessels (Crocker et al., 
970), or from the EC of pre-existing vessels (Nakayasu, 
988) have been abandoned. Several observations 
uggest that they may evolve from perivascular 
fibroblasts (Nakayasu, 1988; Rhodin and Fujita, 1989; 
|Nehls et al., 1992). In the corneal stroma, for example, 
iericytes of newly invading vessels may develop from 
;eratocytes (Nakayasu, 1988). Likewise, formation of 
apillary-like tubes by vascular EC cocultivated with 
:eratocytes has been described (Nakayasu et al, 1992). 
he following steps have been hypothesized in the 
{supposition that fibroblasts acquire pericytic 
Ibbaracteristics (Nehls et al., 1992): a) establishment of 
Ejcontacts between endothelial sprouts and fibroblasts; b) 
;jthe periendothelial cells may start expression of desmin; 
land c) the periendothelial cells, or pericytes acquire 
Imooth muscle-like features and begin to express SM 
[alpha actin (Nehls and Drenckhahn, 1991). It has also 
been indicated that preformed pericytes of nonmuscular 
iericytic microvasculature contribute to the origin of 
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avallo v^new pericytes or other related cells (Cliff, 1976; Diaz- 
et aL^-afflores et al,, 1991 a,b). Finally, the vascular smooth 
uscle cells have been considered as a possible 
precursor of pericytes due to the phenotypic similarities 
jbetween both types of cells (Diaz-Flores et al„ 1994), 
including certain smooth-muscle type proteins (Joyce et 
Al t I984a,b, 1985; Herman and ETArnore, 1985; 
:o the ■ ^Fiijimoto and Singer, 1987; Skalli et al., 1989), as well 
nt of j§as the gradual transition existing between both types of 
nee of : cells (Sims, 1 986; Diaz-Flores et al, 1991b). 

* H Finally, among the functions attributed to pericytes is 
role in angiogenesis regulation (Kuwabara and Cogan, 

f 1963; Crocker et al., 1970; Ordlidge and D'Amore, 
_ 1987). The absence of pericytes at the tips of migrating 
f|EC is believed to stimulate EC mitosis, while their 
Jpresence in the older regions of the growing capillaries 
tmay inhibit EC proliferation and migration (Ordlidge 
| and D'Amore, 1987; Sato and Rifkin, 1989). 

Changes in extracellular matrix. Formation of a new 

* basal lamina: 
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• J ; Although the basal lamina degradation has already 
I been described, it will be considered along with the 
in on /| changes in the extracellular matrix. Indeed, during 
have | angiogenesis, local proteolysis of the basement lamina of 
I the parent vessels and subsequent degradation of 
I interstitial matrix are observed (Rifkin et al., 1982; 
| Kalebic et al., 1983; Madri et al, 1983). In quiescent 
| m icrovasculature, laminin, fibronectin, entactin, heparan 
sulphate proteoglycan and collagen types TV and V are 
> present in the basement lamina (Kanwar and Farquhar, 
| 1979; Foidart et al., 1980; Bender et al, 1981; Pepper 
fe a nd Montesano, 1990). Initially, the active EC secrete 
I 
I 
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matrix degrading enzymes, such as plasminogen 
activator and collagenase, causing fragmentation of the 
basement lamina (Folkman, 1982). Likewise, the 
components of the microvascular extracellular matrix, 
such as fibronectin, laminin and collagen Types 1, III, IV 
and V, undergo dramatic changes (Nicosia and Madri, 
1987), while EC undergo tube formation and extension 
(Folkman and Haudenschild, 1980; Folkman, 1986). In 
the initial stages of developing microvessels, fibronectin 
is the predominant component of the provisional matrix, 
making up a delicate fibrillary network. Fibrils of type V 
collagen, patchy amorphous deposits of laminin and 
Type IV collagen, and rare to absent fibrils of Type I and 
III collagen have also been described (Nicosia and 
Madri, 1987). Progressively, the deposits of fibronectin 
decrease, becoming discontinuous, while laminin and 
type IV collagen increase, accumulating and forming a 
continuous feltwork in the subendothelial space. In 
the late stages of angiogenesis, increased amounts of 
types I and 111 collagen in the perivascular space are 
observed. 

In some conditions, greatly thickened and/or 
multilayered basal lamina have been described in newly 
matured vessels (Szalay and Pappas 1970; Smelser and 
Ozanics, 1972). The possibility that this is due to 
repeated episodes of EC death and regrowth has been 
considered (Vracko and Benditt, 1970). 

Capilla/y loop formation; 

A short distance away from the parent vessel, the 



*.? .i 







Fig. 15. The processes (arrows) of a pericyte (P) bridge between two 
capillary sprouts and they may serve as guiding structures for the fusion 
of sprouts into continuous capillary loops. Semithin section; toluidine 
blue, x 900 
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capillary sprouts, whose tips contain" migrating EC, 
begin to branch and join other tips to form capillary 
loops. Other .capillary sprouts .then appear from these 
loops to form a plexus. 

How capillary sprouts find each other to fuse into 
continuous capillary loops is an unsolved problem. It 
has been suggested that pericytic processes, which 
seem to bridge the gap between the leading edges of 
opposing endothelial sprouts, may serve as guiding 
structures for the outgrowth of EC (Nehls et aL, 1992) 
(Fig. 15). 

The capillary loop formation is well demonstrated 
during angiogenic reaction in the cornea, wherein 
secondary sprouts develop from the growing tips 
of initial sprouts, leading to a "brush border" 
morphology (Muthukkaruppan and Auerbach, 1979; 
Muthukkaruppan et aL 1982). 




Early changes in the newly formed vessels 
Persistence, involution and differentiation; : 

During angiogenesis, a substantial number of nevviv 
formed vessels regress (Meyer, 1852; Clark and Clark 
1939; Szalay and Pappas, 1970; Ausprunk et aL, 1978 : 
Latker and Kuwabara, 1981; Azmi and O'Shea, 1984* 
Latker et aL, 1986; Spanel-Borowski and Mayerhofer 
1987). Indeed, immature vessels seem to require 
angiogenic stimuli to persist (Ausprunk et aL, 1978) 
regressing when the stimuli are removed. 

The sequence of events in the vessel regression is 
variable (Ausprunk et aL, 1978; Azmi and O'Shea 
1984; Spanel-Borowski and Mayerhofer, 1987). Two 
main types of vascular regression may be considered 
(Ausprunk et aL, 1978; Azmi and O'Shea, 1984). In the 
first type (Ausprunk et aL, 1978), aggregation of 
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^'JL V f o U ' ar /t 9 e SSi ?u dUfin9 an 9'°9enesls. Aggregation of platelets (P), stasis of blood (H) and degeneration of endothelial cells (EC) are 
observed. A, B and C. Semithin sections; toluidine blue x 900. D. Ultrathin section; uranyl acetate and lead citrate, x 13,500 Gna0the,,al Ce ' ,$ 
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stasis of blood, vessel occlusion and 
feg6'nfcrat£° n of vessel wall cells are the most important 
jndings (Fig. 16), The platelets accumulate and adhere 
0 the endothelium of the regressing vessels, 
furthermore, fibrin polymerization, stasis of blood and 
jyessel occlusion by erythrocytes occur. Some of the 
|rythrocytes also leak out into the interstitium. Due to 
|jie above, the presence of immature and involutive 
k apilla r y aggregates, containing accumulated but 
requently degranulated platelets, may behave as a 
paracrine organ". On occasions, the EC become very 
lin or fenestrate. At other times the EC at the distal tips 
if the capillaries show organelle swelling, vacuolization, 
ijasma "membrane disruption and cytolysis followed by 
ranular material deposition into the interstitium. 
bally, mononuclear cells remove vascular debris. 
In the second type of vascular regression (Azmi and 
p'Shea, 1984), the endothelial detection is the greatest 
^l^^inding (Fig. 17). The following steps need to be 
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considered: a) protrusion of some individual EC into 
capillary lumen; b) formation of adherence junctions 
between- the protruded ECs and other EC; c) nuclear and 
cytoplasmic condensation; d) cellular and nuclear 
lobation and fragmentation; e) disruption of cell 
organelles and loss of plasma membrane integrity and 
cytoplasmic density; and f) engulfment of degenerate 
cell fragments by viable mural EC. 

Once some of the new vessels reach the source of the 
stimulus, there is a flow decrease in the less advanced 
vessels which then regress (Auerbach et al, 1991). At 
the same time, the vascular regression seems to occur 
first in the smallest distal capillary branches, probably 
because blood flow within them is sluggish (Ausprunk et 
al, 1978). 

The regressive behaviour of blood vessels depends on 
the tissue. For example, in the cornea of some animals 
the newly formed vessel may disappear when the 
angiogenic stimulus is removed or ceases (Zauberman et 




^ fl S 1 K 7 Vascular regression during angiogenesis. Endothelial delection and engulfment of degenerate cell fragments by viable mural endothelial cells 
V? life obs orved. EC: endothelial cells. Ultrathin sections; uranyl acetate and lead citrate, x 13,500 
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al., 1969; Ausprurik et ar, : 1978);'On "the contrary, newly 
formed ■blood vessels can persist in human corneas 
(Coganri949)r Likewise, -in-normally vascular tissues, 
regenerating blood vessels do not all regress (Jennings 
andFlorey, 1970), 

With regard to differentiation, the newly formed 
microvasculature may be influenced by the tissues 
within which it develops. Thus, although neo- 
vascularization in metastasic tumours arises from the 
blood vessels of the receptor site, it can acquire the 
morphological characteristics of the primary organ 
vessels in which the neoplasm originates. In other 
words, the new vessels can differentiate according to 
tissue specificity. 

Capillary network formation and organization into 
larger microvessels: 

The mechanism by which a functional circulation 
is established during post-natal angiogenesis is difficult 
to explain (Phillips et aL 1991). This mechanism may 
be undertaken in two different ways, both of which are 
probably associated (Burger et aL, 1983; Philips et al., 
1991; Diaz-Flores et al, 1994): 1) by remodelling the 
newly formed capillaries (Fig. 18) and their parent 




vessels; and/or 2) by anastomoses of the new capillaries 
with pre-existing vessels of greater calibre in the venous 
and arterial sides of the circulation. The first possibility 
is based on the development of arteries and veins from 
capillary vessels, which would require a lateral EC 
proliferation and the presence of appropriate mural cells 
(pericytes and smooth muscle cells). Consistent with the 
second possibility for the venous side of the circulation, 
recent observations have demonstrated anastomoses of 
the microvessels originating from the small venules and 
capillaries with others arising from the veins (Diaz- 
Flores et al., 1994), As far as the arterial side of the 
circulation is concerned, a similar procedure does not 
seem likely, since new vessels have not been observed 
arising from arteries or arterioles. Nevertheless, an 
inverse process is possible, since ingrowing capillaries in 
the arterial wall have been described in several 
conditions (Diaz-Plores and Dominguez, 1985; Diaz- 
Flores et al., 1990a). 

Peculiar forms of angiogenesis 

Numerous forms of angiogenesis have been 
described. By way of examples, the vascularization of 
naturally avascular structures and tissue grafts, the 
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Fig. 18. Remodelling of the newly formed capillaries growing into a polyvinyl foam (F). L: vessel lumen; EC: endothelial cells- P perivascular cells. 
Semithin section; toluldine blue, x 900 
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Igrowffi intussusceptive in the post-natal pulmonary 
|riucrocirculationv the angiogenesis during the formation 
lof neo vascular collateral vessels, the intimal 
iVascularization of arteries and the tumour angiogenesis 
|viU be considered. 

Vascularization of naturally avascular structures: 



ft- 



An example is the invasion of the cornea by blood 
vessels from the pericorneal plexus, an event that occurs 
I widely in a variety of pathological states (Cogan, 1949). 
The resistance of certain tissues to vascular invasion 
as been studied by means of explanting them onto 
hick chorioallantoic membrane (Eisenstein et al„ 1973). 
ii these conditions, the tissues, which normally have a 
)lood supply, are rapidly invaded by host vessels. The 
^tissues devoid of blood vessels behave in two opposing 
%ays. Thus, hyalin cartilage is impenetrable by neo- 
vascularization, unless it is calcified, while the stroma of 
the cornea is readily penetrable, although Desceniet's 
;membrane forms a barrier against invasion by host 
frucrovessels. 




Neovascularization of tissue grafts: 



H Neovascularization of tumours using syngenic in vi 
gnodels and of normal tissue grafts has been investigal 
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iic I JL \ , new ca P j,lar V growing within the old basal lamina of a necrotic 
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(Ausprunk and Folkman, 1977; Warren, 1979a; Pakuand 
Paweletz 1991). When revascularization of normal 
tissue grafts occurs, it is the result of the pre-existing 
graft vessels fusing with the host circulation (Folkman, 
1976; Sasaki et al. ( 1991). Thus, newborn mouse 
cerebral cortex tissues transplanted into the third 

hntwi! °u ra /l Sh ? W ^helial ^lls originating from 
both the host brain and the grafted mouse cerebral 
cortex the latter expressing mouse-specific I ad antigen 
(Kohsaka et al., 1989). During neovascularization in the 
early stages of rat splenic autografts, it has been 
suggested that pre-existing sinus endothelial cells re- 
§ a ter 

devascularization and 
reconstitute a characteristic complex structure that 
anastomoses with the invading capillaries from the 
connective tissue surrounding the graft (Sasaki et al., 

In zones of focal necrosis or in related circumstances 
such as grafts of autologous tissues, new EC sprouts 
from uninjured vessels can grow within the old basal 
lamina of necrotic vessels (Fig. 19), which provide a 
scaffold for the new vessels (Vracko and Benditt, 1970). 

Growth intussusceptive in the postnatal pulmonary 
microcirculation: ' 

An example of another proposed mechanism of 
microvascular growth is that termed as growth 
intussusceptive in the post-natal pulmonary micro- 
circulation. The authors who present this hypothesis 
point out that the capillary bed grows by forming slender 
intravascular tissue pi liars (Caduff et al., 1986; Burri and 
Tarek, 1 990), in which interendothelial bridges are the 
contacts between opposite capillary walls. Subsequently 
the contact areas are sealed off by building up inter- 
endothelial junctions, with a central perforation in the 
capillary layer. Successive perforations by cytoplasmic 
extensions of pericytes, myofibroblasts and interstitial 
fibres will transform the pillars into normal capillarv 
meshes. r J 

Angiogenesis in the formation of neovascular 
collateral vessels: 

Although angiogenesis normally does not occur in 
most adult organs, an alternate route of blood supply 
may arise from preformed or neovascular collateral 
vessels in response to ischemic stimuli, such as that of 
an ischemic heart (Schaper and Vandesteene, 1967; de 
Brabander et al 1973; Roth et al., 1990; Sasayama and 
Fujita, 1992; Carroll et al., 1993). This process of 
collateralization has been experimentally studied in 

«^ niC ,^°« a / L dial ischemi » «sing dogs (Bloor and 
White, 1972; White et al., 1978; Unger et al., 1991) and 
pigs (Roth et al., 1987; White et al„ 1992). In dogs, with 
an enormous potential for collateral growth, the 
collateral development is rapid and extensive, while in 
pigs, with a collateral angiogenesis more comparable to 
that found in human hearts, it is rapid but limited 
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During ^ collatefalization; the underlying iilechanisms in 
the genesis of newly formed vessels are likely to be 
similar to those involved in neovascular growth 
elsewhere (D'Amore and Thompson, 1987). Normal 
and ischemic myocardium contain heparjn-binding 
angiogenic growth factor (D'Amore and Thompson, 
1987; Thompson et al M 1988. 1989; Eghbali, 1989; 
Kardami and Frandrich, 1989; Quinkler et al., 1989; 
Sasaki et al., 1989; Casscells et al, 1990; Schmidt et al„ 
1991) and the release of mitogens in human (Kumar et 
al., 1983) and experimental animal (Galloway et al., 
1984) hearts has been demonstrated. Likewise, heparin 
treatment accelerates coronary collateral development in 
experimental" coronary artery occlusion (Carroll et al, 
1993), increasing collateralization by potentiating the 
action of an ischemic-derived angiogenic factor (Fujita 
et al, 1988, 1991). 

Intimal vascularization of arteries: 

The microvessel invasion of the artery wall from the 
adventitia has been demonstrated in human pathology 




Fig. 20. Microvessel invasion ol the artery wall. Several capillaries 
(arrows) are observed in the media of rat femoral artery after arterial 
wall injury. IL: Internal elastic lamina. Semithln section; toluidine blue. 
x900 



(Koester, 1876; PateTsdn, 1936, 1938; Barger et al 
4984; Eisenstein, 1991; Zhang et ah, 1993) and in 
experimental conditions (Fig. 20) (Diaz-Flores-et al 
1990a). The neovascularization of the arterial wall may 
play several important roles in the pathogenesis of 
intimal thickening and atherosclerosis, such as: a) 
supplying plasma components (albumin, fibrinogen . ) 
and thus nourishing the thickening wall during plaque 
growth (Koester, 1876; Le Compte, 1967; Groszek and 
Grundy, 1980; Zhang et al., 1993); b) causing intimal 
hemorrhages by rupturing (Paterson, 1938; Barger and 
Beeuwkes, 1990); and c) augmenting the process of 
arterial intimal thickening by supplying more cells. 
Indeed, in occluded arterial segments, it has been 
suggested that pericytes and EC of the ingrowing vessels 
from the arterial microcirculation are sources of 
myointimal cells at the intimal thickening and of endo- 
thelium at the luminal surface, respectively (Dia2-Flores 
and Dominguez, 1985; Diaz-Flores et al., 1990a, 1991b). 

Tumour angiogenesis: 

Tumour growth is accompanied by neo- 
vascularization (lde et al., 1939; Warren and Shubik, 
1966; Eddy and Cassarett, 1973; Yamaura and Sato 
1973; Tannock, 1968, 1970) (Fig. 21), since all solid 
tumours require stroma if they are to grow beyond 1 to 
2 mm in size (about 10 6 cells) (Algire et ah, 1945; 
Folkman et al., 1963; Folkman and Cotran, 1976; 
Reinhold and Van den Berg-Block, 1984; Folkman,. 
1985a,b,c, 1990). The tumour stroma is composed of 
new blood vessels, inflammatory cells and connective 
tissue (Dvorak, 1986). Thus, tumour growth beyond a 
few milimeters is dependent on angiogenesis (Folkman 
and Cotran, 1976; Folkman, 1971, 1972; Folkman and 
Haudenschild, 1980; Folkman and Klagsbrun, 1987), 
which is of great interest to cancer biology, metastasis, 
diagnosis and therapy. This newly formed micro- 
vasculature is induced by angiogenic substances (Algire 
et al., 1945; Folkman et al„ 1971; Tuan et al., 1973; 
Klagsbrun and D'Amore, 1991) released by the tumour 
and by the inflammatory cells, predominantly 
macrophages (Polverini and Leibovich, 1984; Folkman 
and Klagsbrun, 1987). Furthermore, the decrease of 
angiogenesis inhibitors, such as thrombospondin, may 
occur when the cells undergo malignant transformation 
and become angiogenic (Rastinejad et al., 1989, 
Zajchowski et al, 1990), 

The ingrowth of new blood vessels and other 
components of the stroma into the tumour cells closely 
resembles the granulation tissue of healing wounds 
(Dvorak et al., 1979a,b; Folkman, 1985a,b,c). 
Nevertheless, the organization of the microvasculature in 
the tumours is not so strict as in normal tissues. Tumours 
show phenotypic changes like dilated and irregular 
vessels (Warren, 1979a; Rofstad, 1984; Grunt et al., 
1986), a high proliferation rate of the EC (Tannock, 
1970; Cavallo et al., 1973; Denekamp, 1982) and 
increased permeability (Jain, 1985; Heuser and Miller, 
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I Acqiiisitibn of ah angiogenic pheriotype is an 
IjjnpoTta^t fact in the transition from hyperplasia to 
Neoplasia (Folkman et al, 1989a,b). Indeed, two phases 
Jo the development of tumours can be considered: 
i)revascular; and vascular (Folkman and Hochberg, 
$973; Gimbrone et al., 1974; Chodak et al., 1980; 
SSillman et al., 1981; Jensen et al, 1982; Folkman et al, 
|l989a,b). The study of the latter may be of interest as a 
Inarker for preneoplastic and neoplastic processes of 
different organs, such as cutaneous melanoma and 
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carcinoma of the breast and bladder (Brem et al., 1977, 
1978; Chodak et al., 1980; Siliman et al, 1981; Jensen et 
al., 1982; Srivastava et al., 1986, 1988). Transgenic mice 
expressing an oncogene in the pancreatic islet beta cells 
develop a progression from normal to hyperplasia and to 
neoplasia. Using these mice, it has been demonstrated 
that angiogenic activity and consequent neo- 
vascularization both precede tumour formation 
(Folkman et al, 1989a,b). 

The intensity of vascularization in a tumour can 
predict the probability of metastasis (Liotta et al, 1974; 
Srivastava et al, 1986, 1988; Herlyn et al., 1987; 
Weidner et al., 1991), since there is a correlation 
between the density of tumour microvessels and the 
occurrence of metastases (Weidner et al, 1991). The 
fragmented basal lamina of growing vessels as well as 
collagenases and plasminogen activator secreted by the 
EC, make them more penetrable than mature vessels. 
Therefore, they give the tumour cells a greater chance to 
enter into the circulation (Liotta et al, 1974; Weidner et 
al., 1991). 

Previously, we pointed out that neovascularization in 
metastasic tumours can acquire the morphological 
characteristics of the primary organ vessels in which the 
neoplasm originates. Likewise, the type of metastasic 
angiogenesis might be determined by the vascular 
peculiarities of the receptor organ. For example, liver 
metastases may be of sinusoidal or portal type. The first 
is formed by large convoluted vessels, devoid of 
immunohistochemically detectable basal lamina, while 
the portal type is characterized by numerous small 
vessels with basal lamina (Paku and Lapis, 1993). 

Systems to analyze angiogenesis 

In vivo 

From the classical studies on new blood vessel 
morphogenesis and permeability (Sandison, 1928; Clark 
and Clark, 1935, 1939; Abell, 1946; Cogan, 1949; 
Friedman and Byers, 1962; Schoefl, 1963; Sugiura and 
Matsuda, 1969; Szalay and Pappas, 1970; Yamagami, 
1970; Haar and Ackerman, 1971; Warren et al, 1972; 
McKinney and Panner, 1972; Cavallo et aL, 1973), a 
large number of "in vivo" and "in vitro" systems have 
been used to understand the phenomenon of angio- 
genesis (Auerbach et al., 1991; Passaniti et al, 1992). 
The development of inert, biocompatible, slow- release 
polymer pellets, which permit a sustained release of 
angiogenic or antiangiogenic factors (Folkman et al, 
1971, Langer and Folkman, 1976; Rhine et al., 1980; 
Hsieh et al., 1981; Murray et al, 1983), has been of 
interest for some of the experimental techniques. The "in 
vivo" experimental models include procedures where the 
angiogenic response in specific areas can be assessed, 
such as: 

a) rabbit (Gimbrone et al., 1974; Brem and 
Folkman, 1975), rat (Fournier et al, 1981), mouse 
(Muthukkaruppan and Auerbach, 1979), or guinea pig 
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corneas, where neovascularization is produced by 
lesions; tumours (Gimbrone et al;, 1974), or slow 
release polymers containing angiogenic substances 
implanted in "pockets" created in their central regions. 
Through this procedure, a linear quantitation of growing 
capillaries from the limbus is possible (Proia et al., 1988; 
Haynes et al., 1989; Culton et ah, 1990). The cornea is 
an appropriate place to demonstrate neovascularizadon, 
since it is normally completely avascular and the new 
capillaries can be distinguished from parent vessels of 
the limbus (Ausprunk and Folkman, 1977; Henkind, 
1978). Therefore, this procedure provides an "in vivo" 
avascular and transparent substratum in which 
neovascularization can be continuously monitored 
(Polverini et al., 1977a; Greenburg and Hunt, 1978). 
Several hypotheses have been proposed to explain the 
neovascularization in the cornea (Klintworth, 1991), 
such as liberation of angiogenic factors (Maurice et al., 
1966; Eliason and Elliot, 1987; Vlodavsky et al., 1987; 
Baudouin et al., 1990; Soubrane et al., 1990), destruction 
of anti-angiogenic substances (Kuettner et al., 1974), 
inflammation (Fromer and Klintworth, 1975a, b; 
Polverini et al., 1977b; Klintworth, 1977; Epstein and 
Stulting, 1987), hypoxia and corneal swelling (Cogan, 
1949), Corneal neovascularization could be the result of 
a local imbalance between angiogenic and anti- 
angiogenic factors (Kaminska and Niederkorn, 1993) 
originating from inflammatory cells that invade the 
cornea or from the cornea itself, together with loosening 
of the stroma during the inflammatory process. 

b) The chorioallantoic membrane (Alfthan 1956; 
Sorgente et al., 1975; Auerbach, 1981; Folkman 1982; 
Shing et al, 1985; Fett et al., 1985; Olivo et ah, 1992), 
or the yolk sac (Taylor and Folkman, 1982; Shing et ah, 
1985; Rosenbruch, 1989; Takigawa et al., 1990a,b) of 
the early chick embryo, which lacks a mature immune 
system allowing the growth of xenogeneic graft. Further- 
more, by means of this second "in vivo" procedure a 
more rapid assay of either angiogenesis inhibitors or 
angiogenic factors is possible before selecting a few to 
be tested in the cornea (Folkman, 1985a,b,c). The main 
problem is the possibility of false positives produced by 
almost any irritant or wound, which may be avoided by 
incubating the embryos in Petri dishes (Auerbach et ah, 
1974). 

c) Other "immunologically privileged" sites, such as 
the hamster cheek pouch (Warren and Shubik, 1966; 
Schreiber et ah, 1986) and the anterior eye chamber 
(Greene, 1943), which allow the growth of allogeneic or 
xenogeneic grafts with a minor cell-mediated immune 
response (Greene, 1943; Folkman et ah, 1989a,b; 
Weidner etah, 1991). 

d) The subcutaneous air "pouch", dorsal air sac or 
"blister" method (Selye, 1953), the "sandwich" 
observation chamber, and the rabbit ear chamber. 

e) The mesentery (Norrby et ah, 1986; Williams et 
ah, 1989; Norrby et ah, 1990a,b). 

0 The subcutaneous implants of polyurethane foam 
cylinders (Bishop et al., 1989, 1990) and the disc angio- 



genesis assay. In the latter, discs of polyvinyl alcohol 
sponges, containing a slow-release polymer core arid 
their flat sides sealed with millipore filters, are used 
(Fajardo et ah, 1988). By means of this procedure the 
penetration of cells and the angiogenic response may be 
studied. 

g) The implants of matrices, such as fibrin or gelatin, 
which act as angiogenesis initiators and enable the 
introduction of test substances (Dvorak et al., 1987). 

h) Injection of cells or drugs entrapped in alginate 
(Plunkett and Hailey, 1990; Robertson et ah, 1991). 

In vitro systems 

Angiogenesis or parts of this process have been 
investigated morphologically by different in vitro 
systems (Madri and Stenn, 1982; Furcht, 1986; Ingber et 
al., 1986; Dvorak et ah, 1988; Heimark and Schwartz 
1988; Ingber and Folkman, 1988). 

After the introduction of methods for EC culture 
(Jaffe et al., 1972; Gimbrone ct ah, 1973), EC isolated 
from both small and large vessels have been shown to be 
capable of forming random networks of capillary^ike 
tubes "in vitro", when grown under appropriate culture 
conditions (Folkman and Haudenschild, 1980; Maciag et 
ah, 1982; Kubota et ah, 1982; Montesano and Orci, 
1985; Pepper et ah, 1990; Nguyen et ah, 1992). 

The "in vitro" systems with formation of capillary- 
like structures have been undertaken in cultured EC from 
various kinds of blood vessels (Jaffe et ah, 1973; 
Folkman et ah, 1979), such as human umbilical veins 
(Maciag et ah, 1982), bovine aortas (Feder et ah, 1983), 
bovine capillaries (Folkman and Haudenschild, 1980; 
Montesano et ah, 1983) and rat capillaries (Madri et al., 
1983; Sato et al., 1987). These procedures, along with 
the establishment of microvascular pericytes in culture 
enable the assessment of the following parameters 
(D'Amore and Thompson, 1987; Auerbach et ah, 1991): 
1) The recovery rate of a denuded surface in a confluent 
EC monolayer. In these conditions, the EC migration 
provides a quantitative assessment of the angiogenic 
response (Pepper et ah, 1987, 1989, 1990). 2) EC 
locomotion and directionality (chemokinesis and chemo- 
taxis, respectively) using different procedures (Auerbach 
et ah, 1974, 1991; Obeso and Auerbach, 1984; Stokes et 
al., 1990; Taraboletti et ah, 1990) such as phagokinetic 
track assay, in which individual cells move on a gold 
monolayer and phagocyte the colloidal particles, leaving 
migration tracks (Zetter, 1980, 1988; Rupnick et 
ah, 1988; Weber et ah, 1989). 3) The degree of EC 
proliferation in culture with test factors is determined by 
DNA synthesis, nuclear staining, DNA content, etc 
(Watt and Auerbach, 1986; Folkman and Ingber, 1987; 
Folkman and Klagsbrun, 1987; Ryan, 1988; Simionescu 
and Simionescu 1988, 1991). 4) Changes in EC function 
during angiogenesis, such as modulations in the 
production of cytokines (Shepro, 1988), protease release 
and fibrinolytic activity (Sueishi et ah, 1989), and basal 
lamina synthesis. 5) Tube formation in relation to the 
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Lbstrate (Maciag et al, 1982; Maciag, 1934; Madri and 
jjfiatt, 1986; Nicosia and Ottinetti, 1990). 6) The role of 
l^e pericytes in angiogenesis using coculture of both 
|ericytes and EG (Orlidge and D'Amore, 1987, 1988). 
|These possibilities for the study of EC function have 
Ibeen increased by utilizing 3-dimensional angiogenesis 
lassays (Madri et a!., 1988; Goto et al, 1993; Williams, 
11993). 

[Angiogenesis control 

Neovessel formation depends on several angiogenic 
[stimuli to initiate and direct the proliferation and 
migration of ECs in the connective tissue (Folkman, 
1982, 1985a,b,c; Furcht, 1986). 

| The most important factors in the control of angio- 
genesis seem to be the following: a) the angiogenic 
jfectors, capable of stimulating the EC migration and/or 
fproliferation; b) the angiogenic inhibitors; c) the extra- 
cellular matrix modifications (role of the changes in 
extracellular matrix); and d) the intercellular 
Interactions, for example, the "free edge effect" by 
{absence of neighbouring EC (Schwartz et al., 1982). We 
|$hall consider the first three points. 



biogenic factors 



pilhry^|||. Angiogenesis is thought to be initiated by diffusible 
fr°^ : ftngiogenic factors, either after local activation of genes 
!973:y Encoding them, or by release from their storages. In the 
l ' ve ^- W ast decade, several molecules have been shown to 
' ^erv tt n< ^ uce an gi°S enes * $ by acting in a direct or indirect way, 
, 1980; pncluding a variety of growth factors (Folkman and 

1 et k P Clagsbrun ' 1987; Kla S sbrun and D'Amore, 1991; 
ag witte^ 0 i^ man ancl shing, 1992). An angiogenic factor is 
culture ^ a ii e( j "di,-^" when it is capable of inducing endothelial 
.meters. .^proliferation and/or migration "in vivo" and of 

t 1991)> ..tetimu latino ftnrinf-hp.Hal r.p.lls "in vitrn" Whpn tho <Sr 



ating endothelial cells "in vitro". When the "in 
mtluent ||Mtro" action fails, or is inhibited, the angiogenic factor 
;gratio*i gg s considered to be "indirect" assuming that it mobilizes 

i ^ ge pr W [h ^ direct factor < s ) or ceil (s) "in vivo". Likewise, the 
2) E~ j Isogenic factors may act mainly, or specifically on the 

Ch h™°h P C ' ° r on * e contrar y» ma y ^ e pleiotropic, other cells 
uerbacn j j&lso intervening, such as fibroblasts, smooth muscle 
tokes et mcells, etc. Taking the above into account, the angiogenic 
obneoc ^c^^ may ^ e c bemotactic, mitogenic, chemotactic and 
a gp ,(1 |tnitogenic at the same time, or neither mitogenic nor 
leavtng. jj|chemotactic, but rather induce angiogenesis indirectly 
f Pf » Kla fi sbrun and Folkman, 1991). Among the direct 
1 iu lN?iogenic factors are the basic fibroblast growth factor 
lined by BbFGF) (Folkman and Klagsbrun, 1987; Gospodarowicz 
snt, etc |et al ( ]987; Klagsbrun and Vlodavsky, 1988), acidic 
fibroblast growth factor (aFGF) (Folkman and 
|Haudenschild, 1980; Folkman and Klagsbrun, 1987; 
pospodarowicz et al., 1987), vascular endothelial 
growth factor (VEGF) (Connolly et al., 1989; Keck et 
J?U 1989; Leung et al., 1989) and platelet- derived 
Endothelial growth factor (PD-EGF) (Thomas et al., 
f'985; Gospodarowicz et al., 1987; Miyazono et al., 
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1987; Ishikawa pt al, 1989; Ferrara et al, 1989; Leung 
et al., 1989). The indirect angiogenic growth factors 
cover a great tiurnbisr of substances, such as, Transform- 
ing growth factor alpha (TGF-alpha), Epidermal growth 
factor (EGF) (Schretber et al M 1986), Transforming 
growth factor beta (TCF-beta) (Roberts ct al, 1986), 
Tumour Necrosis factor alpha (TNF-alpha) (Frater- 
Schroder et al., 1987), Platelet derived growth factor 
(PDGF) (Sato et al., 1993), E series prostaglandin (Ziche 
et al., 1982), angiogenin (Fett et al., 1985; Hallahan et 
al,, 1991), raonobutyrin (Dobson et al., 1990), 
nicotinamide (Kull et al., 1987), adenosine, Okadoic 
acid (Oikawa et al., 1992), hydroxyeicosatrienoic acid 
(Masferrer et al., 1991), some copper complexes (Ziche 
et al., 1982; Raju et al, 1984; Folkman and Klagsbrun 
1987; Brem et al., 1990), hyaluronic acid degradation 
products (West et al., 1985) and age-associated 
glycosylation end-products (Cozzolino et al, 1990). 

Some angiogenic molecules are present in adult 
tissues where angiogenesis is absent (Gullino, 1981); the 
possibility that the angiogenic response depends on local 
activation, or inactivation of these molecules has been 
considered (Ziche et al., 1992). For example, corneal 
tissue under angiogenic stimulation becomes richer in 
sialic acid (Ziche et al., 1989) and copper ions (Ziche et 
ah, 1982; Raju et al., 1982). Likewise, changes in the 
ratio of different substances in local tissue composition 
may modify the angiogenic response. Thus, corneal neo- 
vascularization induced by angiogenic factors is 
stimulated, or repressed in the cornea by reduction or 
enhancement of the GM3/GD3 ratio of tissue 
gangliosides (Ziche et al„ 1992). 

Some of the known angiogenic factors have been 
completely purified and characterized, while others are 
still being studied. We shall consider some of the most 
important angiogenic factors. 

Fibroblastic growth factors: 

bFGF and aFGF, with a strong affinity for anionic 
glycosamin-glycan heparin (Baird and Ling, 1987, see 
role of heparin on angiogenesis) are able to stimulate 
both angiogenesis in vivo and vascular endothelial cell 
growth in vitro (Thomas et al., 1985, Montesano et al., 
1986; Gospodarowicz et al M 1987). Beta fibroblast 
growth factor, a multifunctional peptide of 146 
aminoacids (Esch et ah, 1985) is one of the more potent 
angiogenic factors and has the ability to stimulate the 
following features (Gospodarowicz et aL, 1987): 

a) migration of EC and SMC which change their 
morphology becoming bipolar (Terranova et al., 1985; 
Gospodarowicz et at., 1985; Montesano et ah, 1986; 
MoscatelH et al., 1986; Tsuboi et al., 1990); 

b) stimulation of cell proliferation with mitogenesis 
of vascular endothelial cells, SMC and a wide variety 
of cell types (Schweigerer et al,, 1987; Winkles 
et al., 1987; Sato and Rifkin, 1988); c) EC production 
of a urokinase-type plasminogen activator, pro- 
collagens (Gross et al., 1983; Moscatelli et al., 1986; 
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presto et al., 1956; Montesano et ah, 1986; 
Gospodarowicz et al, 1987; "Banda et al 1987; Rifkin 
and Moscatelli, 1989)'/a*!3roni'bran6lSdimd enzyme 
that degrades type IV collagen and prostomelysin; 
d) synthesis and deposition of extracellular matrix 
proteins, with effects on EC collagen, fibronectin and 
proteoglycan production (Tseung et al. f 1982; 
Gospodarowicz, 1983; Gospodarowicz et al M 1987); for 
example, sprouting, or migrating EC switch their 
synthetic pattern to types i and III collagen (Madri et al, 
1983); on the contrary, quiescent capillary EC synthesize 
type IV collagen; and e) differentiation of EC, 
influencing their phenotypic expression (Vlodavsky and 
Gospodarowicz, 1979; Vlodavsky et al,, 1979; 
Greenberg et al., 1980). 

bFGF is expressed during vascularization in the 
embryo (Risau et al., 1988) and in the adult, as that 
occuring in the ischemic heart (McNeil, 1980; Tomanek 
etal., 1989; Sasaki, 1989). Furthermore, in vivo 
administration of bFGF, by means of slow release 
polymers, induces intense angiogenesis (Baird and 
Bohlen, 1989). Growth of vasa-vasorum into the intima 
and media is observed in response to bFGF when 
infused onto the normal adventitia, or into the injured 
media of the rat carotid artery (Cuevas et al., 1991). 

bFGF is mainly confined within the cells producing 
it (Folkman and Klagsbrun, 1987). Likewise, a high 
concentration of its inactive complex is stored within the 
extracellular matrix from which it can be released as a 
biologically active form by the actions of degradative 
enzymes (Folkman et al., 1988). When the EC are 
activated, they dissolve the extracellular matrix and 
bFGF is released. The latter bind with receptors on EC 
(Friesel et al., 1986) and vascular smooth muscle cells 
(Winkles et al., 1987) in which the binding of FGF to 
heparan sulphate is a prerequisite (Kiefer et aL, 1990). 
Although bFGF seems to exert its effects on EC via a 
paracrine mode, it has been shown that endogenous 
bFGF produced by EC is important for EC migration 
and plasminogen activator production (Sato and Rifkin, 

1988) . 

It has bee n pointed out that bFGF induces the 
production of prostaglandin E2 by microvascular EC and 
that PGE2 augments the production of cyclic AMP in 
these cells, stimulating their proliferation (Allison and 
Kowalski, 1989). Likewise, the angiogenic action of 
bFGF can be abolished by the systemic administration of 
drugs inhibiting prostaglandin synthesis (Fajardo et al., 
1992). 

Vascular endothelial growth factors (VEGF): 

The VEGF (Ferrara and Henzel, 1989; Levy et al., 
1989; Leung et al, 1989; Conn et al., 1990a,b; Ferrara et 
al., 1992), a secreted heparin-binding dimeric glyco- 
protein (Ferrara et al., 1991, 1992; Ferrara and Henzel, 

1989) , constitutes a family of angiogenic factors (Ferrara 
and Henzel, 1989; Leung et al., 1989; Conn et al., 
1990a,b; Ferrara et al., 1992) also known as vascular 



permeability factor (Senger et al, 1983, 1986; Leung et 
al, 1989; Connolly et at, 1989; Keck et al., 1989- 
Ferrara and Henzel, 1989; Conn et al., 1990a,b; Tisher et 
al., 1991; Ferrara et al, 1992), or vasculotropin (Plotiet 
et al., 1989), in which their respective cDNAs have been 
cloned. At present, four different molecular species of 
VEGF are generated by alternative splicing raRNA 
(VEGF121, VEGF165, VEGF 189, VEGF206) (Leung et 
al., 1989; Houck et al., 1991; Tisher et al., 1991; Ferrara 
et al., 1992), with 121, 165, 189 and 206 aminoacids. 
The VEGF mRNA is expressed in vascularized tissues 
(Ferrara et aL, 1992; Berse et al., 1992) and during 
capillary proliferation (Phillips et al., 1990; 
Ravindranath et al., 1992). Likewise, VEGFs promote 
angiogenesis in vivo (Leung et aL, 1989; PloUet et al., 
1989; Connoly, 1989) and they are EC-specific mitogens 
in vitro (Ferrara and Henzel, 1989; Ishikawa et aL, 1989; 
Gospodarowicz et al., 1989; Conn et aL, 1990a,b). 
VEGF binding sites have been identified in a majority of 
tissues and organs. The binding sites of VEGF in 
cultured EC have been described (Vaisman et ah, 1990), 
where tyrosine kinase protein is its receptor. The above 
mentioned findings are consistent with the hypothesis 
that one of the physiological roles of VEGF is to 
promote neovascularization (Ferrara et al, 1992). In a 
study on spatial and temporal patterns of VEGF and 
VEGF receptor expression during natural angiogenic 
processes taking place within the female reproductive 
system, VEGF mRNA was found to be expressed in 
cells surrounding the expanding vasculature, while 
VEGF receptors were constitutively expressed in the 
endothelium, regardless of its proliferative status 
(Shweiki et al., 1993). Thus, VEGF may target the 
angiogenic response to specific areas. Furthermore, in 
this study, all cell types expressing VEGF were steroido- 
genic and/or steroid-responsive cells, which suggests 
that the VEGF expression is hormonally regulated 
(Shweiki etal., 1993). 

It has been proposed that a tonic presence of VEGF 
may be required to maintain the differentiated state of 
microvessels and that suppressed expression of VEGF 
and/or its receptors may contribute to vessel regression 
(Ferrara et al., 1992). 

Platelet-derived endothelial cell growth factor (PD- 
ECGF); 

PD-ECGF, purified to homogeneity from human 
platelets (Miyazono et al., 1987), is a sequenced protein 
with a relative molecular mass of about 45,000 
(Ishikawa et al., 1989), which stimulates EC growth and 
chemotaxis in vitro and angiogenesis in vivo (Ishikawa 
et al., 1989). Furthermore, PD-ECGF amplifies DNA 
synthesis activity of FGFs on EC (Folkman and Shing, 
1992). 
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|toldne mainly produced by macrophages and capable 
jf inHucing bFGF producfioh in EC and of enhancing its 
cretfmv (Okamura et al ; 1991), has a controversial role 
angiogenesis (Frater-Schroder et aL, 1987; Leibowich 
|l al-» 1987; Sato et al, 1987; Schweigerer et aL, 1987; 
en-Ezra et al,, 1990; Fajardo et aL, 1992), TNF-alpha 
duces angiogenesis in vivo (Frater-Schroder et al, 
987, Leibowich et al., 1987), while it is a potent 
ibitor of EC growth "in vitro 1 * (Frater-Schroeder et 
]., 1987; Schweigerer et ah, 1987) as well as of 
icrovascular sprouts (Sato et aL, 1987), Currently, it is 
own that this controversy is due to dose-dependent 
opposing effects of TNF, which determine a bimodal 
iponse (Fajardo et al., 1992). In vivo, low doses of m- 
IF (0,01 - lng) induce angiogenesis (maximum at 0.1 
ig), whereas high doses (1 and 5 |ig) inhibit it (Fajardo 
TaL, 1992). Owing to their pro-inflammatory actions, it 
as been suggested that production of prostaglandins by 
acrophages may mediate the angiogenic effect of TNF 
Ben-Ezra et aL, 1990). In vitro, TNF is chemotactic for 
icrovascular EC, although not for large vessel EC, 
ikewise, TNF-alpha action depends upon the 
)thesi|i^dministration route. When TNF-alpha is injected 
7 is t||Mntravascularly it may cause necrosis and when injected 
), In li^xtravascularly, it is angiogenic (Folkman and Shing, 
rF an$|||992). 
ogeni||j j|- 
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EC themselves may synthetize PDGF (DiCorleto and 
Btowen-Pope, 1983; Starksen et aL, 1987), Functional 
ypDGF receptors have been demonstrated on micro- 
jet ttaf ||hscular EC of some tissues (Beitz et al., 1991; Heldin et 
ore, in;||M, 1991) which suggests that PDGF is an autocrine or 
iroidop?©aracrine modulator during angiogenesis. Recently, it 
.ggestf Ras been pointed out that PDGF may accelerate capillary 
ulated Mormation by activating connective tissue cells* such as 

; ffnyofibroblasts, in the vicinity of EC (Sato et aL, 1993), 
VEGF # • 
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Prostaglandins: 



Among the prostanoid lipids with angiogenic activity 
lure the prostaglandins of the E series (PGE1 and PGE2) 
jfBen-Ezra 1978a,b; Ziche et al,, 1982; Form and 
(PD- JfAuerbach, 1983; Dobson et aL, 1985; Ziche et aL, 1985, 
1 1989). They have been used as strong angiogenesis 
loggers in the rabbit cornea and in the chick embryo 
3umR, [chorioallantoic membrane, and could play an important 
protein part in the cascade of events underlying the neo- 
.5,000 ^vascularization process (Ziche et aL, 1989). Further- 
/th and |*tK)re, extravascular PGE1 and PGE2, associated with 
likawa |tnacetine, are capable of inducing capillary sprouting 
; DNA f.from veins (Diaz-Flores et aL, 1994). Although it is not 
Shing. I clear how PGE1 and PGE2 induce capillary growth, they 
|have been considered as acting in vivo by some indirect 
|pathway (Folkman and Klagsbrun, 1987). Indeed, 
prostaglandin levels are elevated in wounds, 
Inflammatory exudates, tumours and activated macro- 
>ha), ^ phages (Form and Auerbach, 1983). In these conditions, 
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the secretion of growth factors could be the result of 
PGETand PGE2 mobilizing and activating macro 
phages; or by some other unknown mechanisms 
(Folkman and Klagsbrun, 1987), Certain members of the 
prostanoid family, which are different from currently 
known prostaglandins, seem to be the factors of major 
angiogenic activity secreted by 3T3 adipocytes 
(Castellot et al„ 1982; Dobson et al., 1985). 

Angiogenic 

Angiogenic isolated from human colon adeno- 
carcinoma cell-conditioned medium (Fett et al., 1985), is 
a 14kD protein present in plasma at a relatively high 
concentration. In vivo, it induces intense angiogenesis 
(Fett et al M 1985) in the chicken chorioallantoic 
membrane (Fett et aL, 1985) and in the rabbit cornea. 
Moreover, angiogenin has the following actions: a) it is a 
potent inhibitor of cell-free protein synthesis by specific 
ribonucleolytic inactivation of ribosomes (St. Clair et al, 
1987); b) it activates EC phospholipase and phosphatase 
A2 (Bicknell and Vallee, 1988); and c) it stimulates EC 
prostacyclin secretion by activation of phopholipamase 
A2 (Bicknell and Vallee, 1989). 

Role of heparin on angiogenesis: 

Heparin facilitates neovascularization (Ribatti et aL, 
1987; Ehrlich et aL, 1988) by the following mechanisms: 
a) release of basic FGF from the extracellular matrix 
(Bashkin et aL, 1989); b) protection of both a- and bFGF 
from inactivation (Gospodarowicz and Cheng, 1986; 
Herbert et aL, 1988); c) increased aFGF activity (Herbert 
et aL, 1988); and d) facilitation of the interaction 
between bFGF and EC (Bashkin et aL, 1989). High- 
affinity receptors on the cell surface require heparin-like 
molecules to bind with FGF (Yayon et aL, 1991) and 
VEGF (Gitay-Goren et aL, 1992). This is probably 
accomplished by inducing a conformational change in 
the growth factors to allow them to interact with their 
receptors (Yayon et aL, 1991; Gitay-Goren et aL, 1992). 

Heparin stimulates the secretion and activation of 
plasminogen activator (Lijnen and Collen, 1986; 
Falcone, 1989). Furthermore, its binding to plasminogen 
activator inhibitor- 1 (Ehrlich et aL, 1991), potentiates its 
neutralization with thrombin. 

Angiogenesis antagonists: 

Although the term "angiogenesis inhibitor" was not 
introduced until 1975 (Brern and Folkman, 1975), 
numerous factors were identified as inhibiting vessel 
formation. The study of these factors is of great interest 
since it may facilitate the development of antagonists for 
treatment of angiogenic diseases. For example, the 
process of angiogenesis during tumour growth is a 
potential target for tumour therapy (Folkman and Cotran, 
1976; Denekamp, 1982; Schor and Schor, 1983). The 
angiogenic inhibitors include the cartilage-derived 
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inhibitor identified as tissue inhibitor of metallo- 
protcinases (CtimMM et al M 1986; Moses etal,, 1990), 
throrabospondin (Rastinejad et al; 1989; Good et ah, 
1990, Iruela-Arispe et 1991), protamine (Taylor and 
Folkman, 1982), platelet factor-4 (Hiti-Harper et al., 
1978; Taylor and Folkman, 1982; Maione et al, 1990), 
interferon (Tsuruoka et al., 1988; White et al., 1989), 
angiostatic antibiotics (lngber et al., 1990) deoxy- 
mannojirimycin (Nguyen et al., 1992), steroids (Crum et 
al., 1985) and angiogenesis inhibitors effective as a 
combination (Folkman et al., 1989a, b), synthetic 
peptides containing the amino acid sequence Arg-Gly- 
Asp, minocycline (Tamargo et al., 1991), difluoro- 
methyl ornithine (Takigawa et al., 1990a,b), sulphatin 
chitin derivates (Murata et al., 1991), DS-4152 sulphated 
polysaccharide from Arthrobacter, and bovine vitreous 
extract (Lutty et al., 1983). 

Several studies have been undertaken to demonstrate 
that cartilage extracts can inhibit angiogenesis 
(Eisenstein et al., 1973, 1975; Brem and Folkman, 1975; 
Langer et al., 1976, 1980; Lee and Langer, 1983). The 
purification and characterization of neovascularization 
inhibitor from cartilage and from the conditioned media 
of chondrocytes have been recently reported (Moses et 
al,, 1990). This cartilage derived protein negatively 
modulates the proliferation and migration of capillary 
EC. It is a powerful inhibitor of neovascularization "in 
vitro" and of embryonic and tumour-induced angio- 
genesis "in vivo". Furthermore, it is a collagenease and 
metalloproteinase inhibitor. 

Thrombospondin, a high molecular weight multi- 
functional glycoprotein (Silverstein et al., 1986), 
stimulates different EC functions and modulates the 
activity of angiogenic factors (Taraboletti et al., 1990). 
Recently, it has been demonstrated that angiogenic 
macrophages produce not only positive but also negative 
angiogenesis regulators such as thrombospondin 1 
(DiPietro and Polverini, 1993). 

Protamine, an arginine-rich basic protein of 4,300 
molecular weight, found in sperm with an affinity for 
heparin, is an angiogenesis inhibitor (Taylor and 
Folkman, 1982), although it is not used for the control of 
neovascularization because of its high toxicity 
(Folkman, 1985a,b,c). 

Platelet factor-4, a platelet alpha-granule protein with 
high affinity for heparin, has an angiostatic effect which 
is probably due to specific inhibition of growth factor- 
stimulated EC proliferation. This angiostatic activity 
may be modulated through sulphated polysaccharides 
(Maione et al., 1990). 

Interferons, regulatory proteins with potent biological 
activities, may be effective in inhibiting the proliferation 
of EC (Friesel et al., 1987; Sidky and Borden, 1987; 
Feldman et ah, 1988). Interferons have been used as 
treatment for pathogenic neovascularization diseases 
such as Kaposi's sarcoma (Groopman et al., 1984; Rios 
et al., 1985; Real el al„ 1986) and pulmonary hemangio- 
matosis (White et al, 1989). 

A new class of angiostatic antibiotics, termed angio- 
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inhibins, have been identified among the fumagiilj n 
analogues to suppress the growth of a wide variety of 
tumours (lngber et al, 1990). Among the angioinhibins 
is the O-(Chlroacetylcarbamoyl) fumagillol or AGfyl- 
1470 which is 50 times more active than the ftunagillin 
parent and has relatively few side-effects (lngber et al 
1990). 

Angiogenesis inhibitors, effective as a combination, 
include heparin with hydrocortisone (Folkman et al,' 

1989a,b), as well as beta-cyclodextrintetradecasulphate 
with hydrocortisone (Folkman et al., 1989a,b). 

Deoxymannojirimycin, which prevents synthesis of 
hybrid and complex-type oligosaccharides, inhibits 
capillary tube formation in vitro (Nguyen et al., 1992). 

Role of the changes in extracellular matrix 

The different structural organization and composition 
of the extracellular matrix during vascular sprouting (see 
changes in extracellular matrix) is principally due to the 
fact that the EC secrete enzymes, which digest the pre- 
existing basement membrane (Kalebic et al., 1983; 
Montesano and Vasalli, 1985), and synthesize glyco- 
proteins, proteoglycans and collagen (Ausprunk, 1.982), 
which make up the extracellular matrix of new 
microvessels. Thus, the EC play an important role in the 
remodelling of the extracellular matrix which surrounds 
them during capillary development. 

At the same time, changes in the composition of the 
extracellular matrix surrounding the EC may have 
important regulatory effects on the various stages 
of microvascular morphogenesis, modifying the 
organization, morphological features, function and 
behaviour of EC, such as cellular phenotype, migration 
and proliferation (Folkman and Haudenschild, 1980; 
Delvos et al., 1982; Madri et ah, 1983; Tseng et al, 
1983; Montessano et al., 1983; Schor et al., 1983; Madri 
and Pratt, 1986; Nicosia and Madri, 1987). Thus, 
extracellular matrix proteins isolated from basal lamina 
facilitate differentiation of EC into tube-like structures, 
whereas interstitial collagens stimulate EC migration and 
proliferation (Madri and Williams, 1983; Montesano et 
al., 1983). These phenomena are associated with 
modifications in intracellular cytoskeletal components 
(Kocher and Madri, 1989). For example, EC plated onto 
basal lamina form tubelike structures after a short period 
in culture, but they neither proliferate nor migrate. EC 
plated onto a gel containing the extracellular matrix,; 
proteins, form capillary tubes within 24 h, but within 2-3 
weeks when EC are plated onto a two-dimensional 
matrix, or onto plastic (Kubota et al., 1988). Likewise, 
EC embedded in a three- dimensional collagen matrix 
organize into a network of capillary-like tubes and 
acquire correct cellular polarization (Montesano et al., 
1983). Therefore, the extracellular matrix influences the 
proliferation and migration of the vascular EC, and also 
their capacity to differentiate into capillary-like 
structures and to determine the correct cellular 
polarization (Montesano et al., 1983; Form et al., 1986; 
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ijyiadri and Pratt, 1986; Ingber et al, 1987; Ingber and 
folkman, 1959); Finally, the rates of EC recovery after : 
lihjury depend on the matrix components (Young and T" 
fc Hennan, 1985). 

During angiogenesis, different basal lamina 
Components distribute around newly formed vessels 
(Form et al. t 1986; Nicosia and Madri, 1987; Murray and 
^ Leblond, 1988), and these components can induce lumen 
I formation as tube-like structures (Kubota et al., 1982; 
Maciag et al., 1982; Ingber and Folkman, 1988). 

When the synthesis and the degradation of the 
components of the basal lamina is disturbed, neo- 
vascularization is inhibited (Ingber and Folkman, 1988). 
gThis supports the hypothesis that formation of a new 
basal lamina plays an important role in the development 
1 of active vessels. 

The integrins, cell surface molecules which mediate 
adhesion to either neighbouring cells or to the extra- 
cellular matrix, are likely to play a key role in angio- 
I genesis. Thus, anti-integrin antibodies directed to the 
\ major integrin receptors for the tube-permissive matrices 
|of collagen and fibrin, enhance capillary tube formation 
"in vitro". This fact suggests that restriction of specific 
cell-matrix interactions can enhance capillary formation, 
I converting EC from a proliferative phenotype towards 
differentiation. 
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Vascular endothelial growth factor acts as a 
survival factor for newly formed retinal vessels 
and has implications for retinopathy of prematurity 
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Retinopathy of prematurity (ROP) is initiated by hyperoxia-induced obliteration of newly 
formed blood vessels in the retina of the premature newborn. We propose that vessel 
regression is a consequence of hyperoxia-induced withdrawal of a critical vascular survival 
factor. We show that regression of retinal capillaries In neonatal rats exposed to high 
oxygen, is preceded by a shut-off of vascular endothelial growth factor (VECF) production 
by nearby neuroglial cells. Vessel regression occurs via selective apoptosis of endothelial 
cells. Intraocular injection of VEGF at the onset of experimental hyperoxia prevents 
apoptotic death of endothelial cells and rescues the retinal vasculature. These findings 
provide evidence for a specific angiogenic factor acting as a vascular survival factor in vivo. 
The system also provides a paradigm for vascular remodelling as an adaptive response to 
an increase in oxygen tension and suggests a novel approach to prevention of ROP. 



Retinopathy of prematurity (ROP) is a neovascularizing disease 
that causes blindness and that affects premature infants treated 
with high concentrations of oxygen. Despite careful monitoring 
of oxygen administered, the increased survival of ever more pre- 
mature babies has produced a dramatic increase in the incidence 
of ROP in recent years 1 . ROP development can be divided into 
two distinct stages: First, hyperoxia induces irreversible damage 
to immature retinal vessels of the neonate, resulting in intense 
retinal ischaemia. When the neonate resumes breathing normal 
air, the second phase is initiated, distinguished by excessive 
revascularization with abnormally leaky vessels, which fre- 
quently also leads to retinal detachment and loss of vision. The 
critical, initiating event in ROP pathogenesis is thus the physical 
obliteration of newly formed capillaries in the first stage. 

Although it is generally believed that abnormal vasoprolifera- 
tion in ROP (as well as in other forms of retinopathy) is caused 
by excessive production of an angiogenic factor elaborated by 
the ischaemic retina 2 * 3 (presumably VEGF, refs 4-6), there is no 
mechanistic explanation as to why newly formed blood vessels 
of the retina are so vulnerable to an excess of oxygen. 

We hereby propose that vessel regression in ROP represents 
an exaggeration of an otherwise natural response to oxygen sur- 
plus. During this adaptive process the tissue responds to excess 
oxygen by trimming the vascular tree so that the supply 
matches the metabolic requirements of the tissue. As a mecha- 
nism of hyperoxia-induced vessel regression, we suggest that 
maintenance of vascular networks, in general, depends on the 
continuous supply of a certain survival factor(s) and that hyper- 
oxia is one possible way to downregulate vascular survival 
factor (s) to a level no longer sufficient for maintenance. 

Vascular endothelial growth factor (VEGF) is a potent angiogenic 
factor and an endothelial cell-specific mitogen 7 * 10 . We and others 



have previously identified VEGF as the linking factor between tis- 
sue hypoxia and a compensatory angiogenic response in the 
context of underperfused rumors 1112 . Subsequent studies have ex- 
tended this observation to other ischaemic tissues, including the 
ischaemic retina 613 . On the assumption that oxygen-regulated ex- 
pression of VEGF is likely to be manifested also by a reduced level 
of expression in a tissue subjected to hyperoxia, VEGF seemed an 
excellent candidate for the role of survival factor proposed above. 

Natural development of the retinal vasculature is considered to 
be regulated by oxygen and mediated by a vasoformative factor 
produced by the retina itself. We have recently shown that 
•physiological' levels of hypoxia, caused by increasing demand for 
oxygen at the onset of neuronal activity, are detected by strategi- 
cally located populations of neuroglia that secrete VEGF and 
induce the formation of retinal vessels. As the vessels become 
patent, the hypoxic stimulus is relieved, so vessel formation is 
matched to oxygen demand 14 . Other studies have shown that oxy- 
gen levels which, in the retina, can be manipulated by changing 
the oxygen content of inspired air, control the microarchitecture 
of retinal vessels, including capillary remodelling and formation of 
capillary-free zones 11 . Reasoning that the same oxygen-sensitive 
factor may promote both vascular expansion and regression, we 
examined whether hyperoxia-induced reduction in VEGF expres- 
sion is responsible for vessel regression in a rat ROP model. 

Hyperoxia induces regression of retinal capillaries by apoptosis 

The timing and topography of vessel formation in the rat retina 
have been described u,, ^ Unlike that in humans, where the vascular 
network of the retina develops during late fetal development, in ro- 
dents, the same process takes place mostly during the first two 
weeks of postnatal development. Briefly, the superficial layer of ves- 
sels forms first, extending across the surface of the retina, from the 



1024 



NATURE MEDICINE, VOLUME 1, NUMBER 10, OCTOBER 1995 



imgl © 1995 Nature Publishing Group http://www.nature.com/naturemedicine 

ARTICLES 



optic disc towards the retina periphery. The process begins in late 
gestation and vessels spread steadily, reaching the edge of the retina 
by postnatal day 12 (PI 2). In a second process, vessels arise as buds 
from the superficial layer and grow radially outwards (towards the 
sclera), as far as the junction of the inner nuclear and outer plexi- 
form layers. At this level, they extend branches parallel to the retinal 
surface, to form the deep layei of the retinal vasculature. To simu- 
late the situation of a premature baby inspiring high oxygen in a rat 
model, we exposed newborn rats to an oxygen-enriched atmos- 
phere during the second week of postnatal development. An 
elaborate network of blood vessels has already developed in the cen- 
tral part of the P7 retina (Fig. la). Exposure of P7 animals to 80% 
oxygen for 48 hours resulted in severe obliteration of the newly 
formed capillaries (Fig. 1!?). The vascular network was visualized by 
incubating whole mounted retina preparations (wholemount 
retina) with an endothelial cell-specific lectin, followed by staining 
with an anti-lectin antibody conjugated to peroxidase. This proce- 
dure was preferred over angiographic techniques in order to 
distinguish effects of hyperoxia on vessel survival per se from possi- 
ble effects on blood flow. For rats as for humans, vulnerability to 
high oxygen seems to depend on the degree of vessel maturation. 
Hius, in the P7 rat retina, hyperoxia led to regression of capillaries 
residing close to the optic disc but had only a minimal effect on 
more peripheral (less mature) capillaries (Fig. 1). 

To determine whether capillary regression occurs via apoptosis 
— a programmed cell death due to withdrawal of survival factors — 
we examined the retinas of animals exposed to 80% oxygen for a 
relatively short period of 20 hours (that is, at a time closely preced- 
ing the physical elimination of capillaries) for the presence of cells 
undergoing apoptosis. To this end, the TUNEL procedure 1 ' for in 
situ detection of nuclear DNA fragmentation (a hallmark of apopto- 
sis) was adapted for analysis of wholemount retina preparations. 
Hyperoxia led to a massive apoptic death of retinal cells (Fig. lc; e, 
left; and /). Covisualization of the vascular network (Fig. Id; e, 
right) and TUNEL-positive cells has identified the endothelial cells, 
mostly capillary endothelium, as the cells undergoing a selective 
hyperoxia-induced apoptosis. Notably, no TUNEL-positive cells 
were detected in major arteries and veins, consistent with the find- 
ing that these vessels survive the hyperoxic insult. A relatively high 
concentration of TUNEL-positive cells was detected in capillaries 
surrounding major arteries (Fig. le, /), consistent with the observa- 
tion that hyperoxia led to widening of the capillary-free zones 
around major arteries (Fig. lb). 

Hyperoxia downregulates basal production of VEGF 

We next examined our working hypothesis that hyperoxia- 
initiated vessel regression is due to downregulation of VEGF pro- 
duction to a level below that necessary to sustain newly formed 
capillaries. As a first step, we established that VEGF expression is in- 
deed downregulated in cultured glial cells subjected to hyperoxia. 
Glia-derived cells were examined because they are the major source 
of retinal VEGF in vivo (see below). Using a quantitative reverse 
transcriptase-polymerase chain reaction (RT-PCR) analysis, we 
showed that the low, constitutive level of VEGF messenger RNA 
that C6 glioma cells express when grown under normal (21%) oxy- 
gen (which is augmentable by hypoxia as previously shown and 
reconfirmed here) is reduced to a barely detectable level when the 
cells are grown under an oxygen-enriched atmosphere (Fig. 2, lanes 
5-7). A similar regulation was observed by using primary cultures 
of astrocytes (Fig. 2, lanes 3 and 4). 

To examine the effect of hyperoxia on retinal VEGF production 
in vivo, we compared the steady-state level of VEGF mRNA found in 




Fig. 1 Blood vessels and apoptotic cells visualized in whole mounted 
preparations of retinas exposed to hyperoxia. a, A control P7 retina. 
b, P9 retina from an animal exposed for two days (from P7 to P9) to 
80% oxygen. The vascular tree was visualized by staining with an en- 
dothelial cell-specific lectin conjugated to peroxidase, as described in 
the Methods. Note the disappearance of capillaries that were present 
around the optic disc of a P7 retina, c-f, P9 retina that has been ex- 
posed for 20 hours to 80% oxygen. Apoptotic cells were visualized 
using an in situ TUNEL reaction (see Methods) (c, e left, f). Blood ves- 
sels in the same field of view were visualized using a lectin conjugated 
to an fluorescein isothiocyanate (FITQ fluorophore (d, e right). Arrows 
marked with a 'f point at representative TUNEL-positive cells, to illus- 
trate that most of these cells are components of the vascular system. 
0,optic disc; a, artery; v, vein; z, capillary-free zone. 



whole P9 control retinas with the level found in age-matched reti- 
nas of rats raised for the preceding two days in 80% oxygen. As 
shown in Fig. 2 (lanes 1 and 2), hyperoxia led to a significant down- 
regulation of VEGF expression by the intact whole retina. 

To identify VEGF-producing cells, a thin section of a P10 retina 
was hybridized in situ with a VEGF-specific probe. Three types of 
cells were identified as the major source of retinal VEGF: astrocytes 
distributed in the ganglion cell layer, Muiler cells embedded in the 
inner nuclear layer, and retinal pigmented epithelium (RPE) residing 
at the outer boundary of neural retina (Fig. 3, a). The spatial distribu- 
tion of these cells is consistent with the notion that the targets of the 
VEGF produced are nearby vessels composing the superficial net- 
work, the deeper plexus, and the choriocapiliary system, 
respectively. The notion that VEGF produced by these cell acts on 
nearby vessels in a paracrine fashion is supported by earlier findings 
showing that retinal endothelial cells express the cognate VEGF re- 
ceptor, flk-1 (ref. 14). Note that blood vessels have already been 
formed in the segment of the retina shown, suggesting that ongoing 
expression of VEGF may serve a function distinct from that of at- 
tracting new blood vessels to that area. 
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To identify which of the VEGF-producing cells downregulates 
VEGF expression in response to hyperoxia in the context of the 
intact retina in vivo, a retina of a P10 control animal and an age- 
matched retina from an animal raised for three days (P7 to P10) 
in 80% oxygen were hybridized in situ with a VEGF-specific 
probe. Whereas expression of VEGF mRNA by RPE cells was un- 
affected, expression of VEGF by the two types of neuroglial cells, 
namely astrocytes and Muller cells, was downregulated in re- 
sponse to hyperoxia (Fig. 3). 

VEGF protects the retina from hyperoxla-lnduced regression 

The experiments described above have clearly demonstrated that 
raising newborn rats in an oxygen-enriched atmosphere leads to 
downregulation of VEGF production by neuroglial cells, on the 
one hand, and to capillary regression on the other hand. To es- 
tablish a cause-and-effect relationship between VEGF withdrawal 
and apoptotic death of endothelial cells, we examined whether 
exogenous VEGF can compensate for the deficit in endogenous 
VEGF and rescue the vasculature. One eye of each tested animal 
was injected intraocularly with purified recombinant VEGF l6S/ 
before the animal was placed in an 80% oxygen chamber. 
Animals were killed 20 hours or 48 hours later, and retinas 
processed to visualize cells undergoing apoptosis or to visualize 
the vascular tree, respectively. It should be pointed out that di- 
rect comparison of the retina resected from the VEGF-injected 
eye with the retina resected from the mock-injected eye of the 
same animal assured that the differences observed were not due 
to differences in developmental age, or to biological variability 
among littermates, or to variations in experimental conditions. 

As shown in Fig. 1, in non-VEGF-treated eyes, hyperoxia led to 
massive endothelial cell apoptosis and disappearance of capillar- 
ies around the optic disc (see also Fig. 4a, c). Although 
TUNEL-positive cells are distributed throughout the retina and 
may include non-endothelial ceils, massive cell death is mostly 
observed in the same area that eventually (one day later) will be 
'cleared' from most capillaries. In contrast, eyes injected with 
VEGF showed a reduced endothelial cell apoptosis around the 
optic disc and maintained the normal vascular architecture. In 
particular, VEGF fully protected the capillaries around the optic 
disc from destruction ( Fig. 4d), 

Discussion 

The results shown above demonstrate that under conditions 
leading to withdrawal of VEGF from a tissue that normally ex- 
presses it, selective apoptosis of endothelial cells occurs, which 
results in the regression of the newly formed capillary network. 
The working hypothesis that, in addition to its established role 
as an endothelial cell-specific mitogen, VEGF may act as a vascu- 
lar survival factor, was proven by showing that exogenous VEGF 
compensated for endogenous VEGF withdrawal and rescued the 
vasculature from destruction. 

An alternative interpretation of the results, namely, that VEGF 
did not prevent vessel regression but, instead, promoted revascular- 
ization after vessels have regressed, seems unlikely for the following 
reasons: First, exogenous VEGF reduced the degree of endothelial 
cell apoptosis in retinas exposed to high oxygen (compare Fig. \a, 
b). Second, the microarchitecture of retinal vessels in the VEGF-in- 
jected eyes was indistinguishable from that of an age-matched 
retina that has never been exposed to hyperoxia, including the 
preservation of capillary-free zones around major arteries (compare 
Figs, la and 4d). This is in sharp contrast to the loss of normal vas- 
cular organization that characterizes Ischaemia-induced (and 
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Fig. 2 A quantitative reverse transcriptase-PCR analysis of VEGF 
mRNAs in intact retina, primary astrocytes and glioma cultures. See 
Methods for the preparation of whole retinas, cell cultures, and for ex- 
perimental procedures. Lanes 1 and 2 show VEGF cDNA f ragments am- 
plified from RNAs extracted from a pool of control P9 retinas or from a 
pool of P9 retinas that were exposed to 80% oxygen for 2 days, respec- 
tively. Amplified VEGF cDNA fragments (indicated by arrows) are 297 
base pairs (bp), 225 bp, and 99 bp long (encoding VEGF 1M VEGF 164< 
and VEGF 120 , respectively). Arrowhead points to the 194-bp-long frag- 
ment of coampirfied ribosomal LI 9 cDNA. n, cells grown under norm- 
oxia; hr, cells grown under hyperoxia; hy, cells grown under hypoxia. 
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Fig. 3 Identification of VEGF-producing cells by in situ hybridiza- 
tion, o, A PI 0 retina section hybridized with a VEGF-specific probe. 
A strong hybridization signal is detected in astrocytes (a) located in 
the most superficial layer of the ganglion cell layer (GC), in the 
vicinty of blood vessels (V); VEGF mRNA is also detected in Muller 
cells (m) residing at the middle of the inner nuclear layer (INL), and 
in retinal pigmented epithelium cells (r) located at the junction of 
the retina and underlying choroid, b and c, Dark-field images of a 
PI 0 retina section (b) and a section of a PI 0 retina that has been ex- 
posed to hyperoxia for three days (c). Note that, in comparison with 
the grossly similar hybridization signal detected in the retinal pig- 
mented epithelium (marked by an arrowhead), VEGF mRNA in astro- 
cytes and Muller cells was downregulated in the hyperoxic retina. 
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presumably VEGF-mediated) neovascularization associated with 
tubman retinopathies and in animal models of ROP (refs 18, 19). 

The notion that vascular networks may depend on the contin- 
uous presence of certain maintenance factors for their survival is 
supported by several lines of evidence. First, there is a growing 
awareness of the fact that growth factors, in general, may also 
function as survival factors 20 (such as, nerve growth factors). 
Second, certain vascular networks regress normally during devel- 
opment (for example, the hyaloid vascular system of the eye 
regresses about the same time that the retinal network develops), 
and it is likely that regression of transient vascular networks is 
caused by downregulation of essential survival factor(s). Third, 
tlhere is evidence that withdrawal of fibroblast growth factor 
(FGF) from the medium of aorta explant cultures results in re- 
gression of preformed microvascular sprouts". This study, 
however, provides the first in vivo evidence for an angiogenic 
growth factor functioning as an endothelial cell survival factor. 

Regulation of angiogenic factor production by oxygen tension is 
a unique feature of VEGF, distinguishing it from most other 
known angiogenic factors. Previous studies have linked hypoxia- 
imducibility of VEGF to vascular expansion in poorly perfused 
tissues. Here we highlight the reverse situation, namely, how 
VEGF, repressed by hyperoxia, mediates a feedback response of 
vascular trimming in situations where fewer vessels may be suffi- 
cient to satisfy the metabolic demands of the tissue. Thus, three 
situations may exist: (1) under normoxia VEGF is produced at a 
level required to sustain existing vessels. (2) When the tissue is in- 
adequately perfused, hypoxia leads to upregulation of VEGF to its 
'angiogenic dose'. (3) In hyperoxia, VEGF expression is downregu- 
lated to a level below the 'maintenance dose' and, hence, some 
vessels may regress. An example for the last case may be found 
during normal development of the retinal network. This process, 
which we have recently shown to be mediated by VEGF (ref. 14), is 
characterized by exuberant development of blood vessels and 
their subsequent trimming after the initiation of blood flow. 

An efficient mechanism for adjusting vascular density to situa- 
tions of changing requirements is particularly important in 
neuronal tissues. This is because neuronal tissues consume more 
oxygen than other tissues and that the intensity of neuronal ac- 
tivity may frequently change. We believe that the results shown 
here for the neurosensory retina, including the specialized role 
of neuroglial cells in producing the angiogenic/survival factor, 
also apply to the brain, in general. 

The initiating event in ROP pathogenesis is obliteration of 
newly formed capillaries in response to an extended exposure to 
high oxygen. Following Ashton's initial suggestion 3 that many of 
the pathologic responses to the retinal vessels are not separate 
morbid processes, but exaggerations of normal behaviour, we sug- 
gest that capillary regression in ROP represents an exaggeration of 
the adaptive response of hyperoxia-induced vascular trimming, 
mediated by the withdrawal of the vascular survival factor VEGF. 
Capillary regression results in severe retinal non-perfusion and 
elicits ischaemia-induced neovascularizaion. As suspected, recent 
studies have shown that VEGF is upregulated in the ischaemic 
retina in different types of retinopathy 4 ^, including animal mod- 
els of ROP (refs 22, 23), and it has been suggested that excessive 
production of VEGF is responsible for abnormal vasoproliferation 
associated with these diseases. Thus, VEGF may play two distinct 
roles in ROP pathogenesis: controlling vessel regression during the 
first phase and inducing neovascularization in the second phase. 
Since the recognition of VEGF as the long-sought vasoformative 
factor underlying retinopathies, it became clear that antagonizing 




Fig. 4 Effect of exogenous VEGF on endothelial cell apoptosis and ves- 
sel survival. The left eye of each anaesthetized P7 animal was injected 
with 70 ng of recombinant VECF 165 (produced by a baculovirus vector in 
an insect cell line, a generous gift from G. Neufeld) in 1 ul sterile saline. 
The right eye was injected with saline alone. Animals were immediately 
placed, together with their mothers in a chamber under a constant flow 
of 80% oxygen. Then, 20 hours later (a and b) or 48 hours later (c and 
d) eyes were enucleated and wholemount retina preparations were 
analysed for TUNEL-positive cells or for the status of the vascular tree, re- 
spectively. Left and right figures show, in each case, the control and 
VEGF-injected eye, respectively, of the same animal. Results shown in c 
and d are representative of results obtained in all ten animals analysed. 
Arrows in the top portions of the figure indicate the locations of adjacent 
vein and artery branching from the optic disc, to illustrate apoptosis of 
interconnecting capillaries, o, optic disg v, vein; a, artery. 



VEGF action during the proliferative phase of the disease might be 
of a therapeutic value. We submit that a better way to prevent ROP 
would be to 'rescue' vessels from oxygen-induced damage in the 
first place. This may be achieved through injection of VEGF before 
subjecting the baby to high oxygen. Experiments presented here, 
using a rat ROP model, suggest that VEGF administered at this 
time may indeed protect retinal vessels from the hyperoxia-in- 
curred damage. Further experiments are, of course required to 
examine the potential therapeutic benefits of this approach. 

Methods 

Animals, wholemount retina preparations and cultured cells. 
Sabra albino rats aged P (postnatal day) 0 to 1 4 were used. Animals 
were killed using an overdose (60 ug g ') of sodium pentobarbitone, 
and eyes were immediately enucleated. 

For in situ hybridizations, whole globes were fixed in buffered for- 
malin for 1-2 days. For preparation of wholemount retinas, 
enucleated globes were first fixed in 4% paraformaldehyde in PBS for 
2 h. Retinas were then dissected in PBS by carefully cleaning the sclera 
and choroid from the outer surface of the retina and by removing the 
hyaloid vessels and vitreous humour from the inner surface. 

Primary astrocytes were isolated from neonatal rat brain as previ- 
ously described 24 . Astrocytes and C6 cells, a clonal glial cell line 
derived from a rat glial tumor, were grown in Dulbecco-modified 
Eagle's medium (DM EM) supplemented with 5% fetal calf serum 
(FCS) and antibiotics. 

Exposure to hyperoxia. Some animals were raised in 80% oxygen for 
1 -3 days, with their mothers; the remainder were littermate controls 
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raised in normoxia. The oxygen-enriched atmosphere was obtained 
by mixing air and oxygen. Oxygen levels were monitored by a polar- 
graphic oxygen sensor (Commonwealth Industrial Gases, Australia). 

Cells were subjected to hyperoxia by placing culture dishes in a 
37 °C incubator equlibrated with a mixture of 95% oxygen/5% C0 3 . 
To achieve hypoxia, near confluent cultures were incubated in a 
CasPak Plus anaerobic culture chamber (BBL Microbiology Systems), 
utilizing hydrogen and a palladium catalyst to remove all traces of 
oxygen. Cell cultures were exposed to either hyperoxia or hypoxia 
for 1 8 h. 

Visualization of blood vessels by lectin immunohistochemistry. 
Retinas were prepared for immunohistochemistry as previously de- 
scribed 1 '. Briefly, radial incisions were made to permit flattening of the 
retina, which was then fixed by immersion in 0.5% paraformaldehyde, 
post-fixed in cold 70% ethanol, and washed in PBS containing 1% 
Triton X-100. Blood vessels were visualized by incubation with the 
Bandeirasimplidfolia isolectin B4 (biotin-conjugated, Sigma) for 2 h, fol- 
lowed by incubation with Extra-Avidin-peroxidase (BioMakor, Rehovot; 
1 :20 dilution) and staining with 3-amino-9-ety1cabazole (AEQ. In cases 
were blood vessels were covisualized with TUNEL-positive cells, retinas 
were reacted with a Bandeira simplicifolia isolectin B4 conjugated to 
FITC (Sigma), and vessels were visualized by fluorescence. 

TUN EL (terminal deoxyribonucleotidyf transferase (TdT)-assisted, 
dUTP (digoxigenin nick end labelling)) analysis of wholemount retinas. 
TUNEL-positive cells in fixed and rehydrated wholemount retinas were 
identified in situ using the method of Gavrieli et aV\ Briefly, retinas were 
first treated with 3% H 2 O z to inactivate endogenous peroxidase, and 
then incubated for 60 min at 37 °C with 0.3 e.u u.1" 1 terminal- 
deoxynucleotidyl-transferase (TdT) (Boehringer) in a solution con- 
taining 30 mM Trisma base, 140 mM sodium cacodylate pH 7.2, 1 
mM cobalt chloride and 40 uM biotinylated-11 -dUTP. The reaction 
was terminated by transferring the retinas to 0.3 M NaCI/30 mM 
sodium citrate. Following a block with 2% bovine serum albumin and 
extensive washing in PBS, retinas were incubated with Extra-Avid in 
and stained with AEC, as described above. 

In situ hybridization. Paraffin-embedded eyes were sectioned 
(5-10 u.m thick), processed and hybridized in situ as previously de- 
scribed". Autoradiographic exposure was for 5-9 days. As a 
VECF-specific probe, we used a 1 .8-kb-long cDNA fragment con- 
taining approximately the 3' two-thirds of the coding region, as 
well as the 3'-untranslated region of mouse VECF 165 . cDNA was 
subcloned onto the polylinker of a PBS vector (Stratagene) and 
were linearized by digestion with the appropriate restriction en- 
donuclease to allow synthesis of a M S-labelled complementary RNA 
in either the antisense or sense orientation (using T3 or T7 RNA 
polymerase, respectively). The RNA probe was fragmented by mild 
alkaline treatment prior to use in in situ hybridization. 
Reverse transeriptase-PCR analysis. Complementary DNA was 
synthesized from 300 ng of total RNA using oligo(dT) as a primer 
and AMV reverse transcriptase. PCR amplification was carried out in 
the presence of a [ 32 P]dCTP tracer (2 uXi in a 100 ul reaction vol- 
ume), 1 mM of each dNTP, 2.5 mM MgCI 2 , and 2.5 units of Taq 
polymerase. Twenty-five amplification cycles were used, each con- 
sisting of a 1 -min incubation at 94 °C, a 2-min incubation at 65 °C, 
and a 3-min incubation at 72 °C cDNAs were coamplified with a 
pair of VECF-specific oligonucleotides and a pair of LI 9 ribosomal 
protein-specific oligonucleotides (serving as an internal standard). 
The following oligonucleotides were used: (1) GCACACAT- 
GAGCTTCCTACAC and TCACCGCCTTGGCTTGTCACA, corre- 
sponding to amino acids 92-98 and to the six carboxy-terminal 
amino-acids of VEGF, respectively; (2) CTGAAGGTCAAAGGGAAT- 



GTG and GGACAGAGTCTTGATGATCTC, corresponding to forward 
and reverse sequences, respectively, of LI 9. Amplified fragments 
were resolved in 6% non-denaturing polyacrylamide gel and images 
were obtained by autoradiography. 
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ABSTRACT We have recently shown that VEGF functions 
as a survival factor for newly formed vessels during develop- 
mental neovascularization, but is not required for mainte- 
nance of mature vessels. Reasoning that expanding tumors 
contain a significant fraction of newly formed and remodeling 
vessels, we examined whether abrupt withdrawal of VEGF will 
result in regression of preformed tumor vessels. Using a 
tetracycline-regulated VEGF expression system in xe- 
nografted C6 glioma cells, we showed that shutting off VEGF 
production leads to detachment of endothelial cells from the 
walls of preformed vessels and their subsequent death by 
apoptosis. Vascular collapse then leads to hemorrhages and 
extensive tumor necrosis. These results suggest that enforced 
withdrawal of vascular survival factors can be applied to 
target preformed tumor vasculature in established tumors. 
The system was also used to examine phenotypes resulting 
from over-expression of VEGF. When expression of the trans- 
fected VEGF cDNA was continuously "on," tumors became 
byper-vascularized with abnormally large vessels, presumably 
arising from excessive fusions. Tumors were significantly less 
necrotic, suggesting that necrosis in these tumors is the result 
of insufficient angiogenesis. 



It is well established that a rate-limiting step in solid tumor 
growth is the ability to recruit blood vessels from the host 
tissue (for a review, see ref. 1). Angiogenesis has become a 
major target for antitumor therapy on the premise that limiting 
angiogenesis will retard tumor growth and will inhibit meta- 
static spread of tumor cells. 

The tumor "angiogenic switch" is determined by the net 
balance of angiogenic stimulators and natural inhibitors of (2, 
3). VEGF is a potent angiogenic factor mediating develop- 
mental, physiological, and pathological neovascularization. In 
the context of tumor angiogenesis, VEGF expression is up- 
regulated as a consequence of oncogene activation or a loss of 
tumor suppressor (4-8). In addition to a genetic angiogenic 
switch, VEGF expression is induced in tumors by hypoxia 
and/or hypoglycemia generated whenever the angiogenic re- 
sponse is insufficient and vascular growth is lagging behind 
tumor growth (9-11). Augmented VEGF expression is corre- 
lated with increased tumor growth and vascularity (12, 13) and 
the inhibition of VEGF production or function leads to 
inhibition of tumor growth (14-17). Thus, it appears that 
VEGF plays a key role in the promotion of tumor angiogenesis. 
In the present study we examined whether the level of VEGF 
produced by tumor cells may determine the size and shapes of 
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tumor vessels. In particular, we examined the thesis that 
excessive production of VEGF may lead to formation of 
hyperfused vessels, such as those found in hemangioblastomas. 

Growth factors, in general, may also function as survival 
factors for the respective target cell (18, 19)/ We have recently 
shown that VEGF is required for the maintenance of newly 
formed blood vessels in a natural developmental setting of 
retina neovascularization (20). Importantly, dependence on 
VEGF for survival is transient and, upon their maturation, 
vessels switch to a VEGF-independent state. Tumor expansion 
is associated with a continuous formation of new vessels and 
remodeling of existing vessels. We reasoned that these vessels 
may be sensitive to loss of VEGF resulting in regression of the 
existing tumor vasculature. To test this hypothesis, we con- 
structed an inducible VEGF expression system in a xe- 
nografted C6 glioma tumor. We show that regression of 
preformed tumor vessels can be induced by VEGF withdrawal. 
The finding that VEGF is required for the maintenance of 
immature/remodeling tumor vessels may be exploited to in- 
crease the efficiency of anti-angiogenesis tumor therapy. 

METHODS 

Preparation and Analysis of pTET-VEGF Cell Lines. pTET- 
VEGF was constructed using the full-length coding sequence 
of mouse VEGF 165 amplified by PCR from a VEGF cDNA 
clone with the following primers and cloned as a //wdlll- 
EcoRV fragment into pTET-Splice (BRL): (5' primer, 5'- 
CGCGAAGCTTCCACCATGGACTTTCTGCTCTC- 
TTGGGT-3'; 3' primer, 5 '-CGCGGATATCACCGCCTTG- 
GCTTGTCACA-3'). C6 glioma cells were cotransfected with 
pTET-VEGF, pTET-TAK (BRL), and a plasmid encoding 
G418 resistance. Following stable selection in G418, colonies 
were picked, amplified, and tested for a tetracycline-regulated 
expression of VEGF as follows. Cells were grown for 48 h in 
the presence or absence of 1 jxg/ml tetracycline. Total RNA 
(2 /i,g) from these cells was subjected to a reverse transcript a- 
se-PCR analysis using random hexamers as reverse transcrip- 
tase primers and the VEGF-specific primers described above 
for PCR amplification. To serve as internal standard, ribo- 
somal protein L19-specific primers (5'-CTGAAGGT- 
CA A AGGGA ATGTG-3 ' and 5 ' -GGACAGAGTCTTGAT- 
GATCTC-3') were included in the PCR. Thirty amplification 
cycles (94°C for 1 min, 55°C for 1 min, and 72°C for 1 min) were 
used. The resulting products were visualized by electrophoresis 
through 2% agarose in the presence of ethidium bromide. 
Approximately half of the VEGF-expressing colonies showed 
a tetracycline-regulated expression. Analysis of the particular 
clone chosen for further study is shown in Fig. 1. 



Abbreviations: VEGF, vascular endothelial growth factor; TUNEL, 
terminal deoxynucleotidyltransferase-mediated dUTP nick end label- 
ing. 
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Inoculation of Nude Mice. Cells (5 X 10 5 ) were injected 
subcutaneously into Nude mice (Harlan). Mice were given 
tetracycline when tumors reached a size of 0.5-1 cm 2 . Tetra- 
cycline was used at a concentration of 100 jig/ml with 5% 
sucrose, and the drinking water changed every other day. 
Tumors were resected into buffered formalin and embedding 
in paraffin. 

Histochemistry. Sections (4 jiim) were cut from paraffin 
blocks and placed onto precoated slides (Sigma). Slides were 
deparaffinized in two changes of xylene (10 min) and rehy- 
drated gradually from 100% ethanol to PBS. Hematoxylin and 
eosin staining was used to examine hemorrhage and necrosis. 
Blood vessel endothelial cells were visualized either by incu- 
bation with the Bandeira simplicifolia isolectin B4 or anti-von 
Willebrand factor. Lectin staining was done in PBS (biotin- 
conjugated; Sigma) overnight, followed by incubation with 
extra-avidin-peroxidase (1:20 dilution; BioMakor, Rehovot, 
Israel). Anti-von Willebrand factor was used 1:1,000 following 
20-min trypsin ization (0.1% at 37°C) and blocking with 10% 
goat serum/1% BSA. The primary antibody was followed by 
anti-rabbit horseradish peroxidase, and both lectin and anti- 
bodies were visualized with 3-amino-9-etylcabazole (AEC; 
Sigma) in 50 mM Tris (pH 5.0). 

RESULTS 

A System for Switchable VEGF Expression in Xenografted 
Tumors. To determine the effects of VEGF induction and, in 
turn, withdrawal during tumor neovascularization, a switch- 
able VEGF expression system was created. In the "Tet-off ' 
expression system employed, expression of VEGF by tumor 
cells is repressed when tetracycline is added to the drinking 
water of tumor-bearing animals and is induced upon with- 
drawal of tetracycline. 

C6 glioma cells were cotransfected with a VEGFi 6 s encod- 
ing cDNA driven by a tetracycline-responsive cytomegalovirus 
promoter and a vector encoding a transactivator protein that 
will activate VEGF expression only in the absence of tetracy- 
cline. To secure a nonleaky expression of the target gene at the 
"off* state, the transactivator protein itself is negatively reg- 
ulated by tetracycline (see Methods for details). Stably trans- 
fected colonies in which VEGF expression is tightly regulated 
by tetracycline were selected. Fig. 1 Left shows an example of 
a C6 subline that expressed high levels of VEGF in the absence 
of tetracycline but barely detectable VEGF when tetracycline 
was included in the culture medium. This particular subline 
(designated C6 pTET-VEGF) was chosen for inoculation in 
Nude mice. 

Over-Expression of VEGF Results in Tumor Hyper vascu- 
larity and a Hemangioblastoma-Like Phenotype. C6 glioma 
cells produce well-vascularized tumors when inoculated in 
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mice. These tumors express a fairly high level of VEGF in a 
constitutive manner and production of VEGF is further aug- 
mented in hypoxic regions of the tumor (9-11, 21, 22). Despite 
a strong angiogenic response, the rapid increase in tumor mass 
is not matched by sufficient vascular growth, and extensive 
areas of necrosis develop in C6 glioma tumors grown under the 
skin of nude mice (Fig. 1A). 

When C6 pTET-VEGF cells where inoculated subcutane- 
ously and allowed to grow while VEGF expression is switched 
on, three phenotypic differences were reproducibly detected 
(compare Fig. 1 A with B): (i) a highly significant increase in 
vascular density was observed. («) tumor necrosis was greatly 
reduced, and (Hi) abnormally large and irregularly shaped 
tumor vessels and vascular sacs were formed. The first two 
differences suggested that a suboptimal production of a pos- 
itive regulator like VEGF might be rate-limiting in neovascu- 
larization of gliomas. The results also showed that tumor 
necrosis in this tumor is a consequence of a insufficient 
angiogenic response. Of particular interest was the finding that 
over-production of VEGF leads to exceptionally large vessel 
diameter and vascular sacs. Examination of serial sections 
suggested that these structures were sometimes due to fusion 
of multiple blood vessels (data not shown). The striking 
resemblance to vascular structures found in hemangioblastoma 
supports the notion that over-expression of VEGF plays an 
important role in development of hemangioblastomas (7, 23, 
24). 

Withdrawal of VEGF Results in Regression of Newly 
Formed Tumor Vessels. To examine the maintenance require- 
ment for VEGF on tumor vessels, tumors were first allowed to 
grow in the absence of tetracycline (switch "on") until reaching 
a size of 0.5-1 cm 2 . At this stage of tumor expansion blood 
vessels are intact (Fig. 24). Tetracycline was then added to the 
drinking water to shut off VEGF expression, and tumors were 
resected from a single tumor-bearing mice at 24-h intervals. 
Hemorrhaging foci were detected as early as 24 h from VEGF 
withdrawal (Fig. 2B). The severity of hemorrhaging increased 
during the next 2 days and was evident as extensive areas 
occupied by erythrocyte escapees not contained in blood 
vessels (Fig. 2 C and D). A marked decrease in the number of 
intact vessels was observed in these regions during the first 3 
days from VEGF withdrawal. At later time points, extensive 
areas of the tumor underwent necrosis (Fig. 2 D and E). This 
chain of events was highly reproducible and was independent 
of tumor size at the time of VEGF withdrawal. We conclude 
that VEGF is required for maintenance of at least a fraction 
of tumor vessels, and that its abrupt withdrawal during neo- 
vascularization results in regression of existing vessels. Inter- 
estingly, not all tumor vessels were effected by VEGF with- 
drawal. This is illustrated in Fig. IF, which shows a tumor 
resected 5 days after switching off VEGF expression, A region 
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Fig. 1. The effect of VEGFi65 over-expression on tumor and vessel growth. (Left) Reverse transcriptase-PCR analysis of VEGF165 mRNA in 
a C6 pTET-VEGF clone grown in the presence ("off") and absence ("on") of tetracycline. Arrowheads point at coamplified fragments of VEGFi65 
and L19 ribosomal protein. (Right) Hematoxylin and eosin staining of sections from C6 tumors grown in Nude mice either in the absence (A) or 
presence (B) of tetracycline. Note particularly the extensive necrosis in A (to the right of the figure) and the abnormal large vessels in B, 
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Fig. 2. Vessel regression and tumor necrosis following shut off of VEGF expression. Hematoxylin and eosin staining of sections from C6 tumors 
grown in Nude mice for 2 weeks in the absence of tetracycline and resected 0 h (A), 24 h (B), 48 h (C), 72 h (D), 4 days (£), and 5 days (F) after 
administration of tetracycline to shut off expression of VEGF from the transfected VEGFies- n, Necrosis. 



is highlighted to show side-by-side where vessel regression has 
led to necrosis yet adjacent tissue contains a healthy tumor 
vasculature. 

Regression of Tumor Vessels Involves Endothelial Cell 
Detachment. To gain insights into the mechanism of blood 



vessel regression, endothelial cells were localized by in situ 
immunostaining during early times following administration of 
tetracycline. As shown in Fig. 3, endothelial cells were ob- 
served in the process of detachment. Progressive stages in this 
process are shown. Fig. 14 shows endothelial cells separating 
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Fig. 3. Endothelial cell detachment and erythrocyte escape from blood vessels. (A-D) Sections from a tumor resected 24 h after VEGF shut 
off. A and D were stained with hematoxylin and eosin. Endothelial cells were visualized in B by staining with anti-von Willebrand antibodies and 
in C by staining with B. simplicifolia isolectin B4. Arrows point at endothelial cells being shed into the lumen. 
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from the vessel wall (highlighted by arrows). Fig. 3B shows a 
still-continuous endothelial cell lining (stained with anti-von 
Willebrand factor antibodies) with only a single endothelial 
cell On its way to being shed into the lumen. Fig. 3C shows 
detachment of the few remaining endothelial cells (stained 
with B. simplicifolia isolectin B4). Fig. 3D shows erythrocytes 
escaping from the lumen of a vessel devoid of endothelial cell 
lining. 

It is well established that cells that lose contact with their 
extracellular matrix undergo apoptosis. Such a phenomenon 
has been specifically observed with endothelial cells (25). To 
observe endothelial cell apoptosis, DNA fragmentation prod- 
ucts were stained by in situ 3' end labeling (terminal de- 
oxynucleotidyltransferase-mediated dUTP nick end labeling; 
TUNEL). Occasionally, TUNEL-positive cells were observed 
in the endothelial cell lining of blood vessels (Fig. 4 Left). 
However, the majority of TUNEL-positive cells were seen as 
isolated cells that could not be identified as endothelial cells 
simply on a contextual basis. We confirmed that isolated 
TUNEL-positive cells were in fact endothelial cells using 
double-labeling with TUNEL and anti-von Willebrand factor 
antibodies (Fig. 4 Center and Right). These findings supported 
the hypothesis that detachment of the endothelium was the 
primary effect of VEGF-loss and preceded endothelial cell 
apoptosis. 

DISCUSSION 

We have devised an experimental system that allows to 
modulate the level of VEGF production during progressive 
stages of tumor growth and neovascularization. This system 
enabled us to determine, on the one hand, the effects of VEGF 
over-production and, on the other hand, the consequences of 
untimely withdrawal of VEGF. This experimental system is 
particularly suitable for simulating a situation of a fluctuating 
VEGF expression, a condition that is likely to develop due to 
fluctuating tumor oxygenation (26, 27) and a likely cause of 
vascular injury. 

Vascular and Tumor Phenotypes Resulting from Over- 
Expression of VEGF. With the contribution of VEGF pro- 
duced from the transfected VEGF165 expression plasmid, 
blood vessels grew to a significantly higher density than in 
control tumors expressing only the endogenous VEGF, sug- 
gesting that neovascularization in this system is limited by the 
availability of angiogenic factors. This result is consistent with 
previous findings showing that increased expression of VEGF 
in a xenografted carcinoma tumor also results in increased 
vascularity (12, 28). 



Progression from benign astrocytoma to malignant glioblas- 
toma multiforme is associated with a progressive increase in 
tumor vascularity. Yet, even the most vascularized glioblasto- 
mas are characterized by extensive necrosis. Our finding that 
boosting VEGF production results in tumor expansion without 
tumor necrosis again suggests that tumor neovascularization is 
unable to match the rapid growth of this tumor due to 
insufficient production of a positive regulator of angiogenesis. 

Perhaps the most dramatic phenotype associated with over- 
expression of VEGF is the formation of abnormally large and 
malformed vessels. A larger vessel diameter could be, in 
principle, the result of either dilation, circumferential growth, 
or vascular fusions. Judging from the course of individual 
vessels followed in serial sections (data not shown), as well as 
from their irregular circumference (e.g., Fig. IB), we favor the 
third possibility, namely that fusion of vessels occurred at 
multiple points of contact with neighboring vessels. Thus, it is 
likely that vascular fusions will be pronounced mostly in cases 
of an exceedingly high vascular density. VEGF was found to 
induce a similar hyperfused vessel phenotype when injected 
during development of quail embryos (29). Thus, in both 
embryonic and tumor development the level of VEGF pro- 
duced at the site of neovascularization seems to effect vessel 
diameter. The vascular pattern shown in Fig. 1, particularly the 
formation of vascular sacs, resembles vascular structures found 
in hemangioblastomas. On the basis of findings that heman- 
gioblastomas express relatively high levels of VEGF, it has 
been suggested that VEGF may mediate neovascularization 
and cyst formation in capillary hemangioblastoma (23, 24). 
Findings shown here support this suggestion. 

Vascular Regression Resulting from Withdrawal of VEGF. 
A major finding of this study is that by switching off expression 
from the transfected VEGF expression plasmid, preformed 
tumor vessels regress, suggesting that VEGF functions as a 
survival factor for tumor vessels. Certain vascular networks 
regress normally during development (e.g., the hyloid vascular 
system of the eye regresses upon completion of lens develop- 
ment), and it is likely that a developmentally programmed 
regression of transient vascular networks is caused by down- 
regulation of an essential vascular survival factor. A distinction 
should be made, however, between regression of a fully 
matured, functional vascular system and vascular obliteration 
that is coupled to the process of neovascularization or remod- 
eling. An example of the latter is the process of vascular 
pruning associated with retina neovascularization. We have 
recently shown that pruning of retina vessels is induced when 
VEGF is down-regulated to a level lower than the level 
required to sustain newly formed, immature vessels (20). We 
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Fig. 4. Extra-vascular TUNEL-positive endothelial cells. (Left) TUNEL-positive endothelial cell (arrow) in the wall of a partially degenerated 
vessel, 24 h after VEGF shut off (counterstained with hematoxylin and eosin). (Center and Right) Double-labeling of a tumor section with TUNEL 
(using a fluorescein isothiocyanate-flurophore) (Center) and anti-von Willebrand (VWF) antibody (using a rhodamine flurophore) (Right). 
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argued that vascular pruning is an integral part of a process of 
adjusting the vascular density to match oxygen requirements of 
the surrounding tissue. VEGF, by virtue of its up-regulation by 
hypoxia and down-regulation by hyperoxia, is poised to me- 
diate both vascular expansion as well as vascular regression. 
We reasoned, therefore, that the potential for regressing blood 
vessels under conditions of VEGF deprivation will be shared 
with neovascularizing tumors. The results shown in Figs. 2 and 
3 indicate that this is indeed the case. It should be noted that, 
in the experimental system used, even when VEGF is 
"switched off there is still protein produced from the endog- 
enous alleles and yet many vessels regress. This suggests that 
there is a direct correlation between the amount of available 
VEGF and the number of vessels it can sustain. 

From a mechanistic point of view, the shedding of endo- 
thelial cells from the vessel wall appeared to be an early step 
in vessel regression. Though we could occasionally detect 
TUNEL-positive endothelial cells in intact vessels, more often 
the endothelial cells had separated from the vessel wall before 
evidence of DNA fragmentation could be detected. A similar 
observation was recently made in the process of vessel regres- 
sion in the corpus luteum (30). It is well established that cells 
that lose contact with their extracellular matrix undergo 
apoptosis (31). Such a phenomenon has been specifically 
observed with endothelial cells (25, 32). Findings reported 
here suggest that VEGF may function as a vascular survival 
factor by mediating interaction of endothelial cells with the 
underlying matrix. In turn, the transition to a VEGF- 
independent state may take place concomitantly with estab- 
lishment of endothelial cell-extracellular matrix interactions 
that are independent of VEGF. 

Clinical Implications of Vascular Regression Caused by VEGF 
Withdrawal. Should enforced regression of tumor vessels be 
considered as a component of anti-angiogenic cancer therapy? At 
the time of clinical diagnosis solid tumors are already well 
vascularized and contain vessels at different degrees of maturity. 
The success of survival-factor loss therapy in tumors might 
depend on the fraction of immature vascular elements engaged in 
neovascularization or remodeling and might, therefore, differ 
from one type of tumor to another (33, 34). Analysis of primary 
human glioblastomas has shown that the 5-bromodeoxyuridine 
(BrdUrd) labeling index of tumor endothelial cells is a 4.5%. 
Moreover, the labeling index of glomerular-shaped vessels, which 
are formed mostly in response to VEGF induced by environ- 
mental stress (9), is as high as 20% (35). Thus, it appears that 
ongoing neovascularization and remodeling will render a signif- 
icant fraction of tumor vessels an appropriate target for enforced 
regression. Also, the collapse of a relatively small fraction of 
vessels might cause damage to a much larger fraction of tumor 
tissue. Our observations massive areas of the tumors were ef- 
fected by hemorrhage and subsequently underwent necrosis (Fig. 
2 D and E) is consistent with this suggestion. The appearance of 
blood vessels and healthy rumor tissue after longer times (Fig. IF) 
may be due to revascularization mediated by the endogenous 
VEGF or by other angiogenic factors, such as fibroblast growth 
factor produced by C6 cells (36). Alternatively, a fraction of the 
tumor vessels may be "mature" and refractory to VEGF loss. It 
is likely that the high efficiency of anti-VEGF treatments to 
reduce the size of xenografted tumors (14-16) is, at least in part, 
due to regression of preformed tumor vessels (37). 

VEGF is currently being used in clinical trials to stimulate 
neovascularization (i.e., to induce formation of collateral 
blood vessels). Our studies suggest that, while VEGF may 
effectively induce endothelial cell proliferation, its untimely 
discontinuation might lead to subsequent regression of the new 
endothelium. For example, findings that a therapeutic neo- 
vascularization following VEGF gene transfer was temporary 
and failed to sustain circulation in a gangrenous leg after 2 
months (38) could be explained by a requirement for a 
sustained VEGF production to maintain the newly formed 
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vessels. We feel, therefore, that our finding that newly formed 
or remodeling blood vessels require sustained VEGF levels 
will be critical in the success of many angiogenic and anti- 
angiogenic therapies. 
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By definition, angiogenesis is 
the establishment of a neo- 
vascular blood supply derived 
from preexisting blood vessels, 
whereas vasculogenesis is the em- 
bryonic establishment of a blood sup- 
ply from mesodermal precursors such 
as angioblasts or hemangioblasts. 
Tumor angiogenesis more accurately 
refers to a combination of angiogen- 
esis and vasculogenesis in which the 
main blood supply to a tumor is de- 
rived from preexisting blood vessels, 
although circulating endothelial cell 
precursors may contribute to the 
growing endothelial cell mass. 

Numerous investigators have es- 
tablished the association of tumor 
angiogenesis with metastasis.[l] In- 
deed, it is thought that tumor angio- 
genesis is essential for the growth of 
both primary and metastatic tu- 
mors,[2,3] and provides both nutri- 



Synopsis of 
Angiogenesis 



Inhibitors in Oncology 



ABSTRACT 

Angiogenesis is a dynamic process essential for primary tumor 
growth and metastases. New insights into the basic understanding of 
the biologic processes responsible for angiogenesis have led to the 
characterization of potential therapeutic targets. Several strategies for 
the development of antiangiogenic therapeutic modalities have been 
employed, including agents that (1) decrease the activity of specific 
angiogenic factors, (2) decrease the activity of endothelial survival 
factors, (3) increase the activity of naturally occurring antiangiogenic 
agents, or (4) indirectly downregalate angiogenic and survival factor 
activity. Because antiangiogenic therapy is unlikely to induce tumor 
regression, the criteria for efficacy must be evaluated by means other 
than the standard response criteria used to evaluate cytotoxic chemo- 
therapy. Further, the redundancy of molecules responsible for the 
angiogenic process suggests it is unlikely that a single antiangiogenic 
agent will provide prolonged inhibition of angiogenesis. Nevertheless, 
the understanding of the basic principles that drive tumor angiogenesis 
will lead to the development of therapies that will likely prolong 
survival without the toxicity associated with standard chemotherapy. 



ents and oxygen to the growing tu- 
mor mass. A neovascular blood sup- 
ply is also essential for increasing 
the chance that tumor cells will gain 
access to the circulation and subse- 
quently begin the process of forming 
metastases at different sites. Once a 
tumor establishes an invasive pheno- 
type in the organ of metastasis, it 
must then establish its own neovas- 
cular blood supply in order to grow. 

This process, more complex than 
was previously thought, requires the 



coordinated activities of multiple fac- 
tors and cell types. For tumors to 
develop a neovascular blood supply- 
tumor and host cells must secrete 
proangiogenic factors that offset the 
activities of inhibitory angiogenic fac- 
tors. In addition, the newly derived . 
tumor endothelium must respond to 
and survive in a relatively caustu 
microenvironment; thus, endothelial 
cell-survival factors are essential 1 11 
the maintenance of this neovascufo- 
ture. Nevertheless, because the p 1 ' 0 ' 
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cess of angiogenesis is regulated by 
redundant factors and pathways, inhi- 
bition of any single pathway is unlike- 
ly to lead to prolonged response in 
fnost patients with solid malignancies. 

More than 1,700 papers were pub- 
lished on aspects of tumor angiogen- 
esis lr\ 2001. This field of research is 
closely scrutinized by scientists, cli- 
nicians, patients, and the media. How- 
ever, data from phase I and II 
antiangiogenic trials have only been 
reported in abstract form; most of the 
data is too preliminary to draw mean- 
ingful conclusions. Further, phase III 
trials, even if they have reached their 
target accrual, are several years away 
from maturity with appropriate fol- 
low-up. The published reports avail- 
able on clinical trials have thus far 
produced little more than informa- 
tion on the toxicity and tolerability 
of angiogenesis inhibitors, 
i- Given the complexity of angio- 
genesis, the basic biology of this pro- 
cess must be better understood before 
.effective antiangiogenic therapy can 
be developed. Herein, we review re- 
cent advances in the basic understand- 
ing of angiogenesis and the role of 
angiogenic factors in tumorigenesis. 
further,..we will discuss overall strat- 
egies, expectations, and future direc- 
tions of antiangiogenesis therapy. 

The Angiogenic Switch in 
Tumor Prog ression 

> : 

i y • 

Under normal physiologic condi- 
$ons, the activity of endogenous pro- 
ctogenic factors equals that of 
(antiangiogenic factors, leading to a 
ihomeostatic balance that prevents the 
^controlled growth of tissues. Patho- 
pjic angiogenesis occurs when the 
>cffect of stimulatory molecules out- 
weighs the effect of inhibitory mole- 
#! Ies (TaMe 1).[4] Intensive study of 
M an giogenic process led to the re- 
^^F lZation that this P r ocess involves 
f!? re tJlan sim P le proliferation of en- 
dothelial cells. This process also re- 
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endothelial cells to divide, 
||3de the basement membrane, mi- 
ll^ and undergo differentiation and 
Mary-tube formation (Figure 
^his process is driven not only 
^©ogesic molecules, but also by 
'^factors, such as degradative en- 



Table 1 




Endogenous Regulators of Angiogenesis 


Stimulatory Angiogenic Factors 


Inhibitory Angiogenic Factors 


Acidic fibroblast growth factor 


Angiostatin 


Angiogenin 


Antithrombin III fragment 


Basic fibroblast growth factor 


Endostatin 


Fibroblast growth factors -3, -4 


Fragment of platelet factor-4 


Hepatocyte growth factor/scatter factor 


Interferon -alpha, -beta 


lnter!eukin-8 


Interferon-inducible protein-1 0 


Placental arowth factor 


IVIctopii 1 


Platelet-derived growth factor 


METH-1,-2 


Pleiotropin 


Prolactin fragment 


Proliferin 


Thrombospondin-1 , -2 


Thymidine phosphorylase/platelet- 


Tumstatin 


derived endothelial-cell growth factor 




Vascular endothelial growth inhibitor 


Transforming growth factor -alpha, -beta 


Vasostatin 


Tumor necrosis factor-alpha 




Vascular endothelial growth factor/ 




vascular permeability factor 





zymes, that mediate the above pro- 
cesses. Interestingly, the processes 
of tumor angiogenesis (as noted 
above) and the processes of tumor- 
cell invasion are very similar. 

Vascular Endothelial 
Growth Factor 

The best characterized of the stim- 
ulatory angiogenic factors is vascu- 
lar endothelial growth factor (VEGF), 
which has also been associated with 
an aggressive phenotype in numer- 
ous solid malignancies. [5-10] Vas- 
cular endothelial growth factor is a 
32- to 44-kDa protein secreted by 
nearly all cells. [4] At least four iso- 
forms of VEGF, derived from alter- 
nate splicing of the mRNA, have been 
characterized. [4,1 1] The smaller iso- 
forms, VEGF- 121 and VEGF- 165 
(the numbers denote the number of 
amino acids), are secreted from cells. 
The larger isoforms, VEGF- 189 and 
VEGF-205, are cell associated, and 
their functions are currently being 
investigated. 

One distinguishing factor of VEGF 



is its ability to induce vascular per- 
meability. In fact, this factor was orig- 
inally named vascular permeability 
factor (VPF) and was subsequently 
found to be homologous to 
VEGF.[12-14] The extent of vascu- 
lar permeability induced by VEGF is 
50,000 times that of histamine, which 
was historically the gold standard for 
induction of permeability.. This ac- 
tion by VEGF allows proteins to dif- 
fuse into the interstitium and to form 
the lattice network onto which en- 
dothelial cells migrate. 

In the past, it was believed that 
receptors for VEGF were expressed 
predominantly on endothelial cells. 
Recently, the VEGF receptors have 
also been found on cells of neural 
origin, Kaposi's sarcoma cells, he- 
matopoietic precursor cells, certain 
leukemias, and selected epithelial 
tumors. [15, 16] The current no- 
menclature for the three known 
VEGF receptors is VEGFR-l(Flt-l), 
VEGFR-2 (KDR/Flk-lj, and 
VEGFR-3 (Flt-4). These tyrosine ki- 
nase receptors require dimerization. 
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Figure 1 : The Angiogenic Process — Tumor angiogenesis is a series of linked 
and sequential steps culminating in the development of a neovascular blood 
supply to a tumor mass. The proangiogenic process is balanced by the activity 
of the antiangiogenic molecules that are necessary for homeostasis. New blood 
vessels form when the activity of the proangiogenic molecules exceeds that of 
the antiangiogenic molecules. Although proangiogenic factors can be constitu- 
tively expressed, their expression can be increased by certain stimuli such as 
hypoxia, low pH, cytokines, growth factors, tumor size, activated oncogenes, 
signal transduction pathways, or loss of tumor suppressor gene function. 
Reproduced with permission from Fidler et al.[4] 



to induce intracellular signaling fol- 
lowing specific ligand binding. The 
receptors for VEGF may mediate dis- 
tinct functions within the endothelial 
cell. For example, VEGFR-1 may be 
important in migration, whereas 
VEGFR-2 may be important in the 
induction of permeability, endothe- 
lial cell proliferation, and survival. 
Neuropilin, a receptor involved in 
neuronal guidance, has been identi- 
fied as a coreceptor for VEGF- 165 
and may enhance angiogenesis. 

Recently, the angiopoietin family 
of ligands has been found to play an 
important role in the homeostasis of 
the tumor vasculature. The angio- 
poietins are proteins involved in 
angiogenesis that bind to the endo- 
thelial-cell-specific tyrosine kinase 
receptor Tie-2. Angiopoietin-1 
(Ang-1) acts as an agonist and is in- 
volved in endothelial-cell differenti- 
ation and stabilization. [17] In 
contrast, Ang-2 binds to Tie-2 and 
blocks the binding of Ang-1 to this 



receptor.[18,19] This blockade leads 
to endothelial-cell destabilization and 
vascular regression. [20] 

Angiogeneis Hypotheses 

It has been hypothesized that tu- 
mor angiogenesis involves the co- 
option of preexisting blood vessels 
in addition to vascular regression and 
subsequent neovascularization. [20] 
This theory suggests that tumors ini- 
tially co-opt existing blood vessels 
within an organ for their nutrient 
blood supply. Shortly thereafter, the 
existing vasculature becomes desta- 
bilized, most likely through the re- 
lease of Ang-2 by endothelial cells. 
This loss of vascular integrity leads 
to relative hypoxia within the tumor, 
which in turn leads to upregulation 
of VEGF in the tumor cells. These 
events then lead to a robust angio- 
genic response. At that stage, the new- 
ly developed endothelial cells require 
stabilization, which is achieved 
through release of Ang-1 by endo- 
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thelial cells and possibly through con- 
tinued response to VEGF. Thus, the 
process of angiogenesis depends on 
the temporal coordination of factors 
that regulate pathways in the estab- 
lishment of stable conduits that pro- 
vide a nutrient blood supply to the 
tumor. 

In vitro, Ang-1 has been shown to 
be angiogenic, inducing tube forma- 
tion of endothelial cells growing on 
extracellular matrix components. 
However, recent in vivo studies have 
demonstrated that Ang-1 may in fact 
be antiangiogenic. We have shown 
that overexpression of Ang-1 in hu- 
man colon cancer cells leads to de- 
creased angiogenesis and tumor 
growth, whereas' overexpression of 
Ang-2 leads to an increase in tumor 
growth and angiogenesis. [21] This 
finding is consistent with immuno- 
histochemical studies that demon- 
strate that colon cancers express 
Ang-2 but do not express Ang- 1 . This 
suggests that the imbalance of Ang-2 
over Ang-1 may be an initiating fac- 
tor in tumor angiogenesis. Others 
have also confirmed the above find- 
ings in breast and gastric cancer tu- 
mor cells and cell lines. [22,23] 

Numerous nonspecific angiogen- 
ic factors affect the growth of cell 
types other than endothelial cells. 
These factors include the fibroblast 
growth factors (acidic and basic), 
transforming growth factor-alpha, and 
epidermal growth factor (EGF). both 
of which bind to the EGF receptor; 
platelet-derived growth factor 
(PDGF); platelet-derived endothelial- 
cell growth factor (PD-ECGF); an- 
giogenic and the CXC chemokines 
interleukin-8, macrophage inflamma- 
tory protein 1, platelet factor 4, and 
growth-related oncogene alpha (Ta- 
ble 1).[24] 

These factors are known to be an- 
giogenic in in vivo models but arc 
not specific for endothelial cells. 
However, as noted earlier, a single 
molecule or family of molecules does 
not drive angiogenesis; rather it de- 
pends on the cooperation and inte- 
gration of various factors leading W 
endothelial cell proliferation, migra- 
tion, invasion, differentiation, ana 
capillary-tube formation. It has yet 
to be determined whether inhibiting 
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the activity of a single angiogenic 
factor will lead to vascular compro- 
mise of significant duration. More 
likely, the redundancy in the angio- 
genic process will select for other 
angiogenic factors when a specific 
angiogenic factor is targeted. 

hp stream Regulation of 
^io genie Factor 
gr pression in Tumors 

, Tumors may constitutively express 
high levels of angiogenic factors or 
may express high levels of angiogen- 
ic factors in response to the tumor 
microenvironment. Signals that up- 
regular angiogenic factors include 
extracellular signals, intrinsic upreg- 
ulation of signal transduction activi- 
ty, and loss of tumor suppressor genes 
/{Table 2). 

Extracellular Signal's 

^ Extracellular signals that lead to 
the induction of angiogenic factor 
expression include environmental 
stimuli such as hypoxia or a decrease 
:.ih pH.[25-27] In fact, hypoxia is the 
niost potent stimulus for inducing 
Angiogenic factors, especially VEGF. 
^Hypoxic induction of VEGF is 
probably mediated through Src ki- 
nase activity, which then leads to 
downstream, induction of signaling 
cascades and eventually to an increase 
to the activity of hypoxia-inducible 
factor- !(HIF-1) alpha.[28,29] This 
factor then increases the transcrip- 
tion of the VEGF gene, which in turn 
Jeads to the induction of angiogen- 
esis. Recent evidence suggests 
That activation of growth factor re- 
ceptors may also increase HIF-1 al- 
:Pha activity. [30] 

> Cyclooxygenase-2 is an enzyme 
constitutively overexpressed in co- 
•}^n cancer and other solid malignan- 
ces.^]] Its overexpression may play 
f. f ole in malignant cell survival. In 
^dition, elegant studies from Dubois 
™ others have demonstrated that 
WX-2 can regulate VEGF expres- 
S°n and angiogenesis. [3 1-33] Thus, 
!rOX-2 inhibitors may provide a 
lj?ns of indirectly inhibiting angio- 
H^sis with minimal toxicity. 
s&Several studies have shown that 
ion of the EGF receptor (EGF- 
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R) can lead to induction of angiogen- 
ic factors in tumor cells. [34-36] In 
orthotopic models of bladder and pan- 
creatic cancers, treatment of mice 
with an anti-EGF-R antibody led to 
a decrease in VEGF and interleukin- 
8 expression that was associated with 
a decrease in tumor growth and vas- 
cularity.[36,37] Other cytokines and 
growth factors such as insulin growth 
factors (IGF)-I and -II, hepatocyte 
growth factor, interleukin-1, and 
platelet-derived growth factor have 
all been shown to upregulate VEGF. 
Thus, antiangiogenic therapy could 
involve downregulation of upstream 
mediators of the angiogenic factors 
rather than targeting the angiogenic 
factors themselves. [28,38] 

Intrinsic Upregulation 
of Signal Transduction 

Once a growth factor or a cyto- 
kine binds to its receptor, a cascade 
of intracellular signaling events is 
initiated. Two specific signal trans- 
duction pathways are well known to 
mediate the upregulation of angio- 
genic factors: the phosphatidylinosi- 
tol 3 (PI3)-kinase/Akt signal 
transduction pathway, which eventu- 
ally leads to stabilization of HIF-1 
alpha,[39,40] and the mitogen-acti- 
vated protein kinase (MAPK) path- 
way, in which phosphorylation of 
Erk-i/2 activates factors that increase 
transcription of the VEGF gene. [41] 
Activated ras and Src have also been 
shown in in vivo models to be asso- 
ciated with increased VEGF produc- 
tion and angiogenesis.[42] Again, 
therapeutic strategies that target the 
upstream effector molecules in an- 
giogenesis may be a rational means 
of preventing angiogenesis. Indeed, 
inhibitors of signal transduction mol- 
ecules have been shown to inhibit 
angiogenesis in in vivo tumor mod- 
els.[28] 

Loss of Tumor Suppressor Genes 

Protein products of tumor suppres- 
sor genes such as the von Hippel- 
Lindau (VHL) or p53 genes also 
regulate angiogenesis. The wild-type 
VHL protein represses transcription- 
al regulation of the VEGF gene by 
facilitating degradation of HIF- 1 . [43- 
45] A loss of heterozygosity with a 



Table 2 

Upstream Regulators of 
Angiogenic Factors That 
May Serve as Potential 
Targets for Therapy 

Cyclooxygenase-2 

Epidermal growth factor 
receptor/Her2/neL/ 

Hypoxia-Inducible factor-1 alpha 

Insulin-like growth factor receptor-type I 

lnterleukin-1 alpha receptor 

Oncogenes (Src, ras, raf) 

Platelet-derived growth factor receptor 

Tumor suppressor genes (p53, VHL) 

VHL = von HippeMJndau. 



mutation in the remaining VHL al- 
lele leads to loss of transcriptional 
control of the VEGF gene and over- 
expression of VEGF. Mutant p53 has 
also been associated with an increase 
in angiogenesis.[46] Reinsertion of 
the wild-type p53 gene into cells with 
mutant p53 can downregulate VEGF 
expression and angiogenesis. Thus, 
the process of angiogenesis is driven 
by external forces (including envi- 
ronmental stimuli), aberrations in in- 
ternal signaling, and alterations in 
tumor suppressor gene function. 

Effective Antiangiogenic 
Therapy 

Overall Expectations 

The knowledge that angiogenesis 
is essential for tumor growth and the 
formation of metastases has led to a 
large research effort in an attempt to 
discover effective antiangiogenesis 
compounds. However, angiogenesis 
not only is a pathologic process but 
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also is essential for homeostasis. 
Physiologic angiogenesis is impor- 
tant in reproduction, wound healing, 
and menses, as well as a compensa- 
tory response to ischemia in coro- 
nary-artery and peripheral vascular 
diseases. Thus, therapeutic efficacy 
of antiangiogenic therapy requires a 
balance where angiogenesis in tumors 
is inhibited without disrupting physi- 
ologic angiogenesis. 

For example, controversy exists 
regarding the effects of antian- 
giogenic therapy and wound heal- 
ing. [47-50] Because of the need for 
neovascularization in wound healing, 
•one would expect that an effective 
antiangiogenic agent would inhibit 
healing similar to its antiangiogenic 
effect on tumor growth. However, 
treatment with endostatin did not sig- 
nificantly decrease the breaking 
strength of cutaneous wounds in 
mice,[49] and although it decreased 
functional blood vessels and matrix 
density in granulation tissue in an- 
other mouse model, endostatin did 
not significantly affect overall wound 
healing. [50] Interestingly, wound an- 
giogenesis is being used as a surro- 
gate marker of drug activity. 

In addition to potential effects of 
antiangiogenic therapy on homeosta- 
sis, duration of antiangiogenic thera- 
py and criteria for efficacy are other 
issues to be considered. Because most 
antiangiogenic therapies are intend- 
ed to decrease the development of 
new blood vessels, the traditional end 
points for tumor treatment success or 
failure must be redefined. For exam- 
ple, a desirable response for standard 
chemotherapy is a 50% decrease in 
the cross-sectional area of a tumor; 
however, the desired end point after 
antiangiogenic therapy might be in- 
hibition of further tumor growth (ie, 
tumor stabilization or prolongation 
of time to progression). Thus, the 
criteria for the effectiveness of anti- 
angiogenic therapy (whether in the 
clinic or in the laboratory) must be 
considered from a new perspective 
relative to conventional therapies. 

Although some reports exist of tu- 
mor regression in experimental mod- 
els of angiogenesis, [51, 52] such 
findings are rare; the vast majority of 
studies in this field demonstrate that 



antiangiogenic therapy leads to an 
inhibition of tumor growth rather than 
a regression of established tu- 
mors. [53,54] Therefore, the ability 
to appropriately interpret the results 
from experimental models is critical 
to ensure that extrapolations to the 
clinical setting are not fraught with 
unrealistic expectations. 

For example, a typical growth 
curve for a subcutaneously implant- 
ed tumor may demonstrate that anti- 
angiogenic therapy significantly 
decreases tumor growth rate. In this 
preclinical model, this "positive" re- 
sult may lead to clinical trials of that 
same agent. In the clinic, however, 
inhibition of tumor growth can be 
interpreted as "progressive disease" 
and the therapy thus considered a 
failure, particularly if tumor-imag- 
ing studies are done at short inter- 
vals. Therefore, longer periods of 
antiangiogenic therapy administration 
may be required to fully characterize 
the efficacy of antiangiogenic thera- 
py (assessed by the inhibition of tu- 
mor growth rate and reduced 
metastases) compared with chemo- 
therapy (assessed by decreases in 
tumor size). 

Effective antiangiogenic therapy 
will probably need to be delivered on 
a chronic basis. Chronic administra- 
tion will require that the agent be 
delivered easily (perhaps by the oral 
route) and have few cumulative long- 
term effects. As previously noted, the 
effect of antiangiogenic therapy may 
require longer evaluation intervals. 
One must also consider that the goal 
of standard antiangiogenic therapy is 
intended to decrease blood vessel for- 
'mation and prevent further tumor 
growth, not cause tumor regression. 
Therefore, uniform response criteria 
should be developed for determining 
the effectiveness of antiangiogenic 
therapy (eg, time to progression, sur- 
vival, quality of life); these criteria 
will probably differ from current cri- 
teria for tumor response to cytotoxic 
agents that include reductions in tu- 
mor size. 



Overall Strategies 

Despite the simplified view that 
antiangiogenic therapy simply inter- 
feres with the blood supply to a tu- 



mor, the strategies in the develo 
ment of antiangiogenic therapies 
quite diverse and distinct. Antian 
giogenic strategies can be classified 
under lour major categories: (1) t h 0s 
that decrease the activity of specifj° 
angiogenic factors; (2) these that cfc 
crease the activitv of endothelial SUr 
vival factors; (3) those that increase 
the activity of naturally occurring an 
tiangiogenic agents, such as angiosta' 
tin, endostatin, thrombospondin- ami 
(4) those that indirectly downresu. 
late activity of angiogenic and sur 
vival factors. " 



Decreased Activity of 
Angiogenic Factors 

In the following discussion, VEGF 
will be the prototype molecule used 
to describe strategies to decrease the 
activity of angiogenic factors because 
it has been linked to the angiogenesis 
and aggressiveness of many disease 
types. Anti-VEGF strategies include 
the use of neutralizing antibodies to 
VEGF or its receprors. ribozvmes tar- 
geted to receptor mRNA. and tyrosine 
kinase inhibitors that block 'down- 
stream signaling. All the above-men- 
tioned strategies have shown promise 
in preclinical trials and are now in 
clinical development. 

One of the earliest strategies used 
to inhibit VEGF activity involved the 
use of a neutralizing antibody to 
VEGF where the antibody is a hybrid 
of a variable region that recognizes 
the epitope and a humanized Fc re- 
gion that is not recognized as foreign 
by the human host. This latter region 
should also interact with human Fc- 
receptor-bearing effector cells and/ 
or human complement. A similar 
strategy is utilized for anti-VEGF re- 
ceptor antibodies. Antibodies must 
be delivered intravenously, although 
the long half-life may allow admin- 
istration once every 2 or 3 weeks. 

The other commonly used strate- 
gy for inhibiting VEGF activity is 
the use of tyrosine kinase inhibi- 
tors. [55] These are small molecules 
that prevent kinase activation on bind- 
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j n g of the ligand to a tyrosine kinase 
receptor. Although these compounds 
are claimed to be relatively selective 
for their specific targets, these ty- 
rosine kinase inhibitors actually do 
have some cross-reactivity with oth- 
er receptors, albeit requiring a much 
higher dose to achieve an effect. 
These inhibitors are delivered intra- 
venously or orally. 

Anti-VEGF and 
Increased Apoptosis 

Studies from our laboratory have 
examined anti-VEGF receptor anti- 
bodies and tyrosine kinase inhibitors 
in mouse models of colon cancer and 
liver metastasis. [54,56] Interesting- 
ly, these agents demonstrated similar 
efficacy, leading to a decrease in he- 
patic tumor burden, vessel count, and 
proliferative index of the tumor cells. 
Surprisingly, we found an increase in 
the number of tumor cells undergo- 
ing apoptosis. We further investigat- 
ed this phenomenon to determine if 
endothelial cell apoptosis was the pre- 
empt :.ve cause of tumor cell apopto- 
sis. We established a technique of 
double-staining whereby we could 
first identify endothelial cells and 
then identify those endothelial cells 
undergoing apoptosis using the ter- 
minal deoxynucleotidyl transferase- 
mediated deoxyuridine triphosphate 
nick-end labeling (TUNEL) assay. [54] 

We found that a wave of endothe- 
lial coll apoptosis preceded a wave 
of tumor cells undergoing apopto- 
sis.^] This suggests that endothe- 
lial cell apoptosis occurs prior to 
tumor cell apoptosis, demonstrating 
that VEGF is a survival factor for 
tumor endothelial cells and further 
supporting the hypothesis that main- 
tenance of the integrity of the tumor 
vasculature is required for tumor 
survival. 

Because anti-VEGF therapy leads 
to an increase in tumor and endothe- 
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Figure 2: Endothelial Cell Survival Factors— Endothelial cell survival factors 
prevent apoptosis and include pericytes, vascular endothelial growth factor 
(VEGF), and angiopoietin-1 (Ang-1 ). Pericytes stabilize the endothelium by cell- 
to-cell contact or by the release of VEGF and Ang-1 . VEGF inhibits endothelial 
cell apoptoses by activating a variety of intracellular signaling proteins including 
the Akt pathway, IAP. A1 , and MAPK pathway. Reproduced with permission 
from Ellis et al.[58] 
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Figure 3: The Role of Integrin Antagonists in Preventing Attachment of 
Endothelial Cells to the Extracellular Matrix— Integrins. specifically alphav 
beta 3 and alphav beta 5, act as survival factors for endothelial cells. Disruption 
of the binding between the extracellular matrix and integrins leads to endothelial 
apoptosis. Small molecules and anti-integrin antibodies have been developed 
to block integrin/extracellular matrix interactions. FGF = fibroblast growth factor; 
VEGF = vascular endothelial cell growth factor; PDGF = platelet-derived growth 
factor. Used with permission from Pharmacia. 



lial cell apoptosis, one would sur- 
mise that this therapy could lead to a 
decrease in tumor size. There are re- 
ports of studies in subcutaneous xe- 
nograft models where tyrosine kinase 
inhibitors to the VEGF receptor and 



other angiogenic factor receptors can 
cause regression of established tu- 
mors. [55] However, in our model of 
colon cancer liver metastasis, while 
tumor growth was inhibited, the 
growing cancer, albeit at a slower 
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rate, eventually led to the demise of 
the animals. This is likely due to the 
fact that there are redundant mecha- 
nisms for angiogenesis within tumors 
and that antiangiogenic therapy direct- 
ed at a specific factor may lead to 
selection of cells whose angiogenesis 
is driven by a different factor. [3, 57] 

Decreased Activity of 
Endothelial Survival Factors 

A second antiangiogenic strategy 
involves agents that decrease the ac- 
tivity of endothelial cell survival fac- 
tors (Figure 2). [58] Typically, 
angiogenesis is simply thought of as 
the development of a new vasculature 
within tumors where endothelial cells 
migrate, proliferate, invade the base- 
ment membrane, and differentiate to 
form a primitive capillary network. 
However, the tumor microenvironment 
is a caustic one with low pH and low 
oxygen tension. Therefore, for these 
fragile endothelial cells to survive, they 
must be exposed to endothelial cell 
survival factors that prevent apoptosis 
in these adverse conditions. 

Endothelial cell survival factors 
include pericytes that may stabilize 
endothelium, either by cell-to-cell 
contact or by secretion of endothelial 
cell survival factors such as VEGF or 
Ang-1. Vascular endothelial growth 
factor and Ang- 1 are two endothelial 
cell survival factors that are necessary 
for endothelial cell survival in the 
absence of pericytes. [20] These fac- 
tors can be secreted by endothelial 
cells, tumor cells, or nonmalignant 
cells within the microenvironment. 
Vascular endothelial growth factor 
has been shown to inhibit endothelial 
cell apoptosis by activation of vari- 
ous intracellular signaling proteins, 
including the Akt pathway, IAP, Al, 
and the MAPK pathway. [59] An- 
giopoietin-1 binds to the specific en- 
dothelial cell receptor, Tie-2, and 
activates the Akt pathway, a path- 
way that mediates survival in many 
cell types. [60] 

Another very important mecha- 
nism for endothelial cell survival is 
the binding of integrins located on 
the endothelial cell surface to the 
extracellular matrix. At first, inte- 
grins were thought to be important 
only in cell-to-cell contact and bind- 



ing to the extracellular matrix, but it 
is now known that integrins may me- 
diate intracellular signaling, either 
alone or in combination with other 
receptors.[61] The integrins alphav 
beta 3, alphav beta 5, alphav beta 1 
have been shown to act as survival 
factors for endothelial cells, and dis- 
ruption of the binding between the 
integrins and the extracellular matrix 
may lead to endothelial cell death 
(Figure 3). [61-63] It is likely that 
integrin engagement with the extra- 
cellular matrix leads to integrin aggre- 
gation and activation of focal adhesion 
kinase. As a result, downstream sig- 
naling is activated, initiating endothe- 
lial cell survival mechanisms. [64] 

Specific small molecules have been 
developed that may inhibit integrin 
activation, and antibodies have been 
synthesized that block integrin bind- 
ing to the extracellular matrix. [65, 66] 
Numerous agents are in preclinical 
evaluation or early clinical testing. 

Increased Activity of Naturally 
Occurring Antiangiogenic Agents 

Another antiangiogenic strategy is 
one that increases the activity of nat- 
urally occurring antiangiogenic 
agents. These agents include throm- 
bospondin, angiostatin, and endosta- 
tin. A great deal of publicity has 
surrounded the discovery of angiosta- 
tin and endostatin, as these agents 
were first discovered as fragments of 
larger molecules (angiostatin is a frag- 
ment of plasminogen, and endostatin 
is a fragment of collagen XVI- 
II). [51,67,68] The exact mechanism 
by which these two compounds lead 
to a decrease in angiogenesis is not 
clearly understood. Thrombospondin, 
a naturally occurring angiogenic an- 
tagonist, is also being evaluated in 
preclinical trials. 

The interferon family of proteins, 
although better known for other ac- 
tivities, also has antiangiogenic prop- 
erties. [69-76] These cytokines, 
specifically interferon-alpha, were 
shown to cause regression of life- 
threatening childhood hemangiomas 
in a study published in the early 
1990s. [72] Further investigation has 
demonstrated that interferon-alpha 
and interferon-beta can downregulate 
basic fibroblast growth factor levels 



in various tumor systems. [76] M 0r 
recently, reports have demonstrated 
the efficacy of interferon-alpha i n re . 
gression of tumors in children.[65| 
The efficacy of interferon therapy 
may be dependent on chronic l 0 \ v . 
dose therapy because higher dose 
therapy is often associated with in- 
tolerable side effects. 

Indirect Downregulation 
of Angiogenic and Survival 
Factor Activity 

The last antiangiogenic strategy 
is one that indirectly downregulate* 
the activity of angiogenic factors. 
Vascular endothelial growth factor 
and other angiogenic factors are of- 
tentimes unregulated in response to 
stress, such as hypoxia, low pH, or 
cytokines. Strategies that downregu- 
late the upstream signaling pathways 
to VEGF and other angiogenic fac- 
tors may indirectly downregulate 
VEGF activity and angiogenesis. Our 
laboratory 7 , as well as others, has dem- 
onstrated that several growth factor 
receptors are involved in induction 
of VEGF on binding of its ligand to 
its receptor (EGF-R, IGF-receptor 
I). [36,77] Strategies to inhibit the ac- 
tivity of these receptors may lead to 
a decrease of in vivo VEGF produc- 
tion and ansiosenesis, which in turn 
leads to a decrease in tumor growth. 

It is also known that tumor sup- 
pressor genes, such as p53 and VHL, 
repress transcription of VEGF. We 
have shown that in a colon cancer 
cell line with a mutated p53 gene, 
infection of a wild-type p53 gene can 
lead to downregulation of VEGF and 
decrease angiogenesis in vivo.[38] It 
is possible that anti-VEGF therapy 
may be beneficial in patients with 
the VHL syndrome, which is almost 
certainly due to overexpression of 
VEGF in the formation of muiriple 
vascular tumors.[43] 

Future Directions in 
Antiangiogenic Therapy 

Most local tumors can be ade- 
quately treated by surgery and/or ra- 
diation. However, the true challenge 
in oncology lies in treating metastat- 
ic cancers. The host microenviron- 
ment plays a major role in modulating 
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gene expression in tumors growing 
a t different sites, and this holds true 
for angiogenic factor expression as 
well. In our laboratory, we have found 
that VEGF expression is actually high- 
er in primary tumors than it is in liver 
metastases. Therefore, it would be na- 
ive for oncologists to think that anti- 
angiogenic activity would be equally 
efficacious in different tumors grow- 
ing at different sites. In addition, the 
endothelium is phenotypically distinct 
a t different sites and, therefore, each 
tumor may not only express different 
angiogenic factors, but the endotheli- 
um may have different angiogenic fac- 
tor receptors. [78] 

Selection of Appropriate Therapy 

It is foreseeable that in the future 
we will need to obtain biopsies of 
tumors growing at various metastatic 
sites and analyze expression of vari- 
ous genes within these biopsies. The 
revolution of microarray technology 
may allow us to rapidly identify an- 
giogenic factors that may be driv- 
ing angiogenesis in specific tumors 
at specific sites. At that point, we 
may then be able to direct appropri- 
ate antiangiogenic therapy toward 
specific targets. It is also possible 
that continued antiangiogenic thera- 
py against a specific target may lead 
to selection of clones whose angio- 
genesis is driven by a different tumor. 
Therefore, it may be important to "re- 
stage" patients with repeat biopsy of 
these tumors to adequately determine 
the angiogenic profile of tumors with- 
in the course of their growth and, hope- 
fully, response to antiangiogenic 
regimens. Clearly, inhibition of angio- 
genesis will play a substantial role in 
the future of oncology. 
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The role of vascular endothelial growth factor in pathological angiogenesis 
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Summary 

Vascular endothelial growth factor (VEGF) is a diffusible endothelial cell-specific mitogen and angiogenic 
factor that can also increase vascular permeability. By alternative splicing of mRNA, VEGF may exist 
as one of four different isoforms that have similar biological activities but differ markedly in targeting and 
bioavailability. The VEGF receptors are specifically expressed in the cell surface of vascular endothelial 
cells. Recent studies point to VEGF as a major regulator of physiological angiogenesis, such as develop- 
mental and reproductive angiogenesis. Furthermore, VEGF appears to be a crucial mediator of blood 
vessel growth associated with tumors and proliferative retinopathies. The VEGF mRNA is up-regulated 
in the majority of human tumors and the VEGF protein is increased in the aqueous and vitreous humors 
of patients with proliferative retinopathies. Anti-VEGF antibodies have the ability to suppress the growth 
of a variety of tumor cell lines in nude mice and also can inhibit angiogenesis in animal models of 
intraocular neovascularization. Therefore, strategies aimed at antagonizing VEGF may form the basis for 
an effective treatment of tumors and retinopathies. Furthermore, VEGF-induced angiogenesis is sufficient 
to achieve a therapeutic endpoint in models of coronary or limb ischemia. 



Introduction 

Angiogenesis is prominent during embryonic de- 
velopment and somatic growth, but in a normal 
adult it only takes place following injury or, in a 
cyclical fashion, in the endometrium and in the 
ovary [1-3]. Angiogenesis plays an important 
role in the pathogenesis of a variety of disorders 
such as cancer, proliferative retinopathies, and 
rheumatoid arthritis [1-3]. In the case of neo- 
plasms, the new blood vessels provide nourish- 
ment to the growing tumor and also allow the 
tumor cells to establish continuity with the 



vasculature of the host [1-3]. A strong correlation 
exists between density of microvessels in primary 
breast carcinoma sections and nodal metastases 
and survival [4-7]. Also, a correlation has been 
noted between vascularity and aggressive behavior 
in bladder [8], prostate [9,10], non-small cell lung 
[11], and uterine cervix [12] carcinomas, and in 
cutaneous melanomas {13]. Furthermore, recent 
studies have shown a statistically significant 
increase in microvessel count in severe uterine 
cervix dysplasia (CIN IE) as compared with low 
grade lesions (CIN I) [14]. Therefore, the number 
of vessels in tumor sections, which reflects the 
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extent of angiogenesis, may be considered as an 
important independent predictor of outcome in 
breast cancer and, possibly, in other malignancies. 

Angiogenesis requires at least three steps: a) 
degradation of the extracellular matrix of a 
venule; b) chemotaxis of endothelial cells toward 
an angiogenic stimulus; and c) proliferation of 
endothelial cells [1-3]. A variety of factors have 
been previously identified as potential positive 
regulators of angiogenesis: aFGF, bFGF, EGF, 
TGFa, TGFp, PGE 2 , monobutyrin, HGF, TNFa, 
PD-ECGF, angiogenin, and interleukin-8 [1-3]. 
Some of these factors are able to directly 
stimulate endothelial cell growth, while others 
lack direct stimulatory effects on endothelial cells 
and thus their angiogenic actions are thought to 
require the paracrine release of direct-acting 
factors from macrophages or other cells [1-3]. 

This article will review the molecular 
properties of vascular endothelial growth factor 
(VEGF), a recently identified directly-acting 
endothelial cell mitogen and angiogenesis inducer 
[15-18], and will discuss the role of this factor in 
the regulation of blood vessel growth. By alter- 
native splicing of mRNA, multiple molecular 
forms of VEGF are generated [19-22]. Several 
lines of evidence indicate that VEGF is a major 
regulator of physiological angiogenesis, such as 
embryonic [23,24] and reproductive [25-27] 
angiogenesis. Also, VEGF-induced angiogenesis 
is sufficient to achieve a therapeutic endpoint in 
animal models of coronary [28] or limb [29,30] 
ischemia. Furthermore, recent studies point to 
VEGF as a crucial mediator of neovascularization 
associated with tumors and proliferative retino- 
pathies [31-34]. 



Biological activities of VEGF 

VEGF is a potent mitogen (ED 50 2-10 pM) for 
vascular endothelial cells, but it is apparently 
devoid of appreciable mitogenic activity for other 
cell types [15,16,18]. Consequently, VEGF has 
been regarded as an endothelial cell-specific 
mitogen. VEGF is also able to induce a marked 



angiogenic response in the chick chorioallantoic 
membrane [16,18]. VEGF also promotes angio- 
genesis in a tridimensional in vitro model, in- 
ducing confluent microvascular endothelial cells 
to invade a collagen gel and form tube-like struc- 
tures [35]. These studies also provide evidence 
for a potent synergism between VEGF and bFGF 
in the induction of such in vitro angiogenic 
effects [35]. Recently, it has been proposed that 
VEGF may function as a paracrine mediator for 
an indirect-acting angiogenic agent like TGFp 
[36]. Treatment of quiescent cultures of epithelial 
and fibroblastic cells with TGFp results in in- 
duction of VEGF mRNA and release of VEGF 
protein into the medium [36]. VEGF has the 
ability to promote vascular permeability, as evi- 
denced by Evans blue extravasation, when in- 
jected in the guinea pig skin [17,20]. Based on 
this activity, the factor has been proposed to be a 
specific mediator of the hyperpermeability of 
tumor vessels. It has been suggested that extra- 
vasation of fibrinogen and other plasma proteins 
results in the formation of a fibrin gel that serves 
as a substrate for endothelial and tumor growth 
[37]. Additionally, VEGF induces expression of 
the serine proteases urokinase-type and tissue-type 
plasminogen activators (PA) and also PA inhibi- 
tor- 1 (PAI-1) in cultured bovine microvascular 
endothelial cells [38]. Furthermore, VEGF in- 
duces expression of the metalloproteinase inter- 
stitial collagenase in human umbilical vein 
endothelial cells but not in dermal fibroblasts 
[39]. Interstitial collagenase is able to degrade 
type I and III collagen [40]. The co-induction of 
plasminogen activators and collagenase by VEGF 
is expected to promote a pro-degradative environ- 
ment that facilitates migration of endothelial cells. 
The expression of PAI-1 may serve to regulate 
and balance the process [41]. VEGF has also 
been shown to induce vasodilatation in a dose- 
dependent fashion [42], which translates into a 
transient hypotension in vivo. Such an effect 
appears to be mediated by endothelial cell-derived 
NO, as assessed by the requirement for an intact 
endothelium and the prevention of the effect by 
N-methyl-arginine [42]. 
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Recent studies [43] indicate that the in vivo 
and in vitro bioactivity of VEGF can be poten- 
tiated by placenta growth factor (P1GF), a mol- 
ecule having a significant degree of structural 
homology with VEGF [44,45]. While P1GF has 
little or no direct mitogenic or permeability- 
enhancing activity, it is able to significantly 
potentiate the activity of low, marginally 
efficacious concentrations of VEGF [43]. This 
effect requires a 10-20 fold molar excess of P1GF 
over VEGF. Therefore, it may be that P1GF 
serves to enhance the bioactivity of VEGF in 
situations where the concentrations of the latter 
are limiting [43]. 



Structural and genomic properties of VEGF 

VEGF purified from a variety of species and 
sources is a basic, heparin-binding, homodimeric 
glycoprotein of 45,000 daltons [15,16,18]. VEGF 
is inactivated by reducing agents, but it is heat- 
stable and acid-stable. cDNA sequence analysis 
of a variety of VEGF clones indicates that VEGF 
may exist as one of four different molecular 
species, having respectively 121, 165, 189, and 
206 amino acids (VEGF 121 , VEGF 165 , VEGF 189 , 
VEGF 206 ) [19-22]. VEGF 165 is the predominant 
isoform secreted by a variety of normal and 
transformed cells. The biochemical properties of 
recombinant VEGF 165 correspond closely to those 
of native VEGF purified from a variety of sources 
[16]. In addition, transcripts encoding VEGF 121 
and VEGF 189 are detected in the majority of cells 
and tissues expressing the VEGF gene [21]. By 
contrast, VEGF 206 is a very rare form, so far 
identified only in a human fetal liver cDNA 
library [21]. Compared to VEGF 165 , VEGF 121 
lacks 44 amino acids, VEGF 189 has an insertion 
of 24 amino acids highly enriched in basic resi- 
dues, and VEGF 206 has an additional insertion of 
17 amino acids. It is now known that alternative 
splicing of RNA, rather than transcription of 
separate genes, is the basis for the molecular 
heterogeneity evidenced by the cDNA sequence 
analysis [21,22]. The VEGF gene is organized in 



eight exons and the size of its coding region has 
been estimated to be approximately 14 kb [22]. 
VEGF 165 lacks the residues encoded by exon 6, 
while VEGF 121 lacks the residues encoded by 
exons 6 and 7. 

Hypoxia has been recently identified as an 
important mechanism involved in the regulation 
of the expression of the VEGF gene, both in vivo 
and in vitro [46,47]. Recent studies have shown 
that similarities exist between the oxygen-sensing 
mechanisms regulating the expression of VEGF 
and erythropoietin genes [47]. The expression of 
both genes is significantly enhanced by cobalt 
chloride. Furthermore, the hypoxic induction of 
both VEGF and erythropoietin genes is inhibited 
by carbon monoxide, suggesting the involvement 
of a heme protein in the process of sensing oxy- 
gen levels [47]. 



The VEGF isoforms 

VEGF 121 is a weakly acidic polypeptide that fails 
to bind to heparin [48]. In contrast, VEGF 165 is 
a basic, heparin-binding protein [48]. VEGF 189 
and VEGF 206 are still more basic and bind to 
heparin with even greater affinity [48]. *Such 
differences in the isoelectric point and in affinity 
for heparin profoundly affect the bioavailability of 
the VEGF isoforms [48,49]. VEGF 121 is secreted 
as a freely soluble protein in the conditioned 
medium of transfected cells. VEGF 165 is also 
secreted, but a significant fraction remains bound 
to the cell surface or the extracellular matrix 
(ECM). In contrast, VEGF 189 and VEGF 206 are 
almost completely sequestered in the ECM [49]. 
However, they may be released from the bound 
state by a variety of agents such as suramin, 
heparin, or heparinase [48,49]. ECM prepared 
from cells expressing VEGF 189 or VEGF 206 
promotes the growth of vascular endothelial cells 
[49]. The observation that heparin releases these 
forms of VEGF suggests that their binding site is 
represented by heparin-containing proteoglycans, 
similar to the binding site for bFGF. Further- 
more, the long forms may be released by plasmin 
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[48,49]. This physiologically relevant protease is 
able to cleave VEGF 189 or VEGF 206 at the COOH 
terminus and generate a proteolytic fragment 
having molecular weight of -34,000 daltons 
which is active as an endothelial cell mitogen and 
as a vascular permeability agent [48]. Plasmino- 
gen activation and generation of plasmin have 
been shown to play an important role in the 
angiogenesis cascade [50]. It is possible that this 
property is not confined to plasmin. It may be 
that cleavage of VEGF may be brought about by 
a variety of inflammation-associated proteases. 
Thus, the VEGF proteins may become available 
to endothelial cells by at least two different 
mechanisms: as freely diffusible proteins 
(VEGF 121 , VEGF 165 ) or following protease acti- 
vation and cleavage of the longer isoforms 
Generation of bioactive VEGF by proteolytic 
cleavage may be especially important in the 
microenvironment of a tumor, where increased 
expression of proteases, including plasminogen 
activators, is well documented [51,52]. Therefore 
the products of a single gene may provide a 
highly flexible system to control angiogenesis 
The short forms of VEGF may be rapidly and 
efficiently released in response to the require- 
ments of the microenvironment. In contrast, the 
longer forms are stably incorporated in the ECM 
but can become available in a diffusible form 
when this structure is degraded. 

The VEGF receptors 

Characteristics and distribution of VEGF 
binding sites 

Two classes of high affinity VEGF binding sites 
have been identified on the cell surface of cul- 
tured endothelial cells, having K d values of 10 
pM and 100 pM, respectively [53,54]. Lower 
affinity binding sites on mononuclear phagocytes 
K d -300-500 pM) have been recently described 
[55]. It has been suggested that such binding 
sites are involved in mediating chemotactic effects 
for monocytes by VEGF [55]. 



Ligand autoradiography studies on tissue ser 

ttrh 0 '^^ 241 °25 adU,t [56] ratS have *°w„" 
hat high affinity 125 I-VEGF binding sites are 

localized to the vascular endothelium of lar*e or 
small vessels but not to other cell types Scat 
chard analysis of saturation isotherms in sections 
from a variety of tissues revealed a single class of 
binding sites with high affinity (K d = 16 to 35 
pM) [56]. Specific binding co-localized with 
Factor VIIMike immunoreactivity and was 
apparent on both proliferating and quiescent 
endothelial cells [56]. Binding of 125 I-VEGF 
during development of rat embryos is first 
detectable in the blood islands of the yolk sac 
wh.ch contain the earliest progenitors of hemato- 
poietic and endothelial cells [24]. As the vascular 
system develops, VEGF binding sites continue to 
co-localize with the endothelium of blood vessels 
[24,56]. 



The Flt-1 and Flk-l/KDR tyrosine kinases 

Two tyrosine kinases have been identified as 
putative VEGF receptors [57-60]. The Flt-1 (fms- 
hke-tyrosine kinase) [61] and KDR (kinase do- 
main region) [62] proteins have been shown to 
bind VEGF with high affinity. The overall amino 
acid sequence identity between the two proteins is 
44%. The murine homologue of KDR is known 
as Flk-1 (fetal liver kinase-1) [63] and shares 85% 
sequence identity with human KDR. Both Flt-1 
and KDR/Flk-1 have seven immunoglobulin-like 
domains in the extracellular domain, a single 
transmembrane domain, and a consensus tyrosine 
kinase sequence which is interrupted by a kinase- 
insert domain [61-63]. Flt-1 has the highest 
affinity for rhVEGF, 65 , with a K d of approxi- 
mately 10-20 pM [57]. KDR has a somewhat 
lower affinity for VEGF; the K d has been esti- 
mated to be approximately 75-125 pM [43,58]. 
The K d for binding of rhVEGF lfis to Flk-1 is 
500-600 pM [59,60]. 

Recently, an alternatively spliced form of 
Flt-1, lacking the seventh immunoglobulin-like 
domain, the transmembrane sequence, and the 
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cytoplasmic domain, has been identified in human 
umbilical vein endothelial cells [64]. The 
encoded protein is soluble following secretion. 
This soluble Flt-1 receptor is able to inhibit 
VEGF-induced mitogenesis and has been pro- 
posed to be a physiological negative regulator of 
VEGF action [64]. 

In situ hybridization studies have revealed that 
_ the Flk-1 mRNA is expressed in the vascular 
endothelium in the mouse embryo [59,60]. There 
is evidence that the Flk-1 mRNA is down-regu- 
in adult endothelial cells as compared to 
fetal endothelial cells [60]. The Flt-1 mRNA is 
selectively expressed in vascular endothelial cells, 
both in fetal and adult mouse tissues [65]. Like 
M the high affinity VEGF binding [24,56], the Flt-1 
^ mRNA is expressed in both proliferating and qui- 
csccnt endothelial cells [65]. 

Recent studies suggest that the Flt-1 and KDR 
luteins may have different signal transduction 
l ^|*iPv^^P ; l >ro !^rties [66]. Porcine aortic endothelial cells 
m : :0^W : -" WS^ lacking P nH^,n ft ,,c vrhtj « M n^ a^u., 
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endogenous VEGF receptors display 
m f '^^^^^* hc,nolaxis and mitogenesis in response to VEGF 
^P^^^^P^ ,1C " trans fected with an expression vector coding 
fi^P!^' f 01 ' Kl)R * In contrast, transfected cells expressing 
* " 1 ' "** 1 la ck such responses [66]. While Flk-1 /KDR 



iSfcll^K JJJj| Cr ? ocs •igand-dependent tyrosine phosphoryl- 

- v touch 



4 ^plSiK tt(ion 1,1 " ltact cells [59,60,66], Flt-1 fails to show 



^^^llil^^ vc,ncnt with other studies showing that P1GF, 

^^fei^te St h binds with high affinity t0 F1M but not to 

.mmmmM^m*\ /Km, lacks direct mitogenic or permeabil- 

ff& I ! °'* nanc ' n g properties or the ability to stimulate 
p i S| , ^ si, ! e Phosphorylation in endothelial cells [43]. 

Kl>p Vt ° IC ' Jt ap P ears that interaction with 

,v is a critical requirement to induce the full 

ViM 1 !'" 1 of VEGF biologic responses. Whether 
f h V ' IU,uces formation of heterodimers between 

»H\> !x ;UUl Flk -1 /KDR ' which could confer new 
^vV° U ' 0S ° r h§ and specificities upon these 
M\M\ U>rS ' remains t0 be established. Further 
!UC c ' eaf ly required to characterize the 
d.. * Vu,ar events involved in VEGF signal trans- 
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Role of VEGF in tumor angiogenesis 

Numerous tumor cell lines express the VEGF 
mRNA and secrete a VEGF-like protein into the 
medium [67,68]. Furthermore, in situ hybrid- 
ization studies have shown that the VEGF 
mRNA is markedly up-regulated in a variety of 
human tumors, including kidney [69], ovarian 
[70], and gastrointestinal [71] carcinomas, and in 
several intracranial tumors including glioblastoma 
multiforme [46,72,73] and capillary hemangio 
blastoma [74]. In all of these circumstances, the 
VEGF mRNA is expressed in tumor cells but not 
in endothelial cells, indicating that VEGF is a 
purely paracrine mediator. However, imrnuno- 
histochemical studies have localized the VEGF 
protein not only to the tumor cells but also to the 
vasculature [71,72]. This localization indicates 
that tumor-secreted VEGF accumulates in the 
target cells. A strong correlation exists between 
degree of vascularization of the malignancy and 
VEGF mRNA expression [46,72,74]. In addition, 
the mRNA for the VEGF receptors, Flt-1 and 
KDR, is up-regulated in the tumor-associated 
endothelial cells in comparison with the vascula- 
ture of the surrounding tumor-free tissue [71,72]. 
Recent studies indicate that the ( VEGF and P1GF 
mRNAs are co-expressed in renal cell carcinoma, 
suggesting that, at least in this tumor, the two 
factors may play a cooperative role in the in- 
duction of angiogenesis [69]. Interestingly, a 
correlation has been observed between VEGF ex- 
pression, as assessed by immunohistochemistry, 
and microvessel density in primary breast cancer 
sections [75]. Postoperative survey indicated that 
the relapse-free survival rate of VEGF-rich tumors 
was significantly worse than that of VEGF-poor 
tumors, suggesting that expression of VEGF is 
associated with stimulation of angiogenesis and 
with early relapse in primary breast cancer [75]. 
In tumors with a significant component of necro- 
sis, such as glioblastoma multiforme, VEGF 
mRNA expression is not uniform but occurs 
primarily in clusters of tumor cells at the border 
between viable tumor and necrotic areas [46,72, 
73]. This localization is consistent with local 
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hypoxia being a major inducer of VEGF gene 
expression [46,47], and suggests that a VEGF 
gradient is responsible for angiogenesis and tumor 
expansion toward ischemic areas. 

Taken together, these findings suggest that the 
VEGF-expressing tumor cells may have a growth 
advantage in vivo due to stimulation of 
angiogenesis. This hypothesis is consistent with 
previous studies showing that expression of 
VEGF 165 or VEGF 121 confers on a non-tumori- 
genie clone of Chinese hamster ovary cells the 
ability to form vascularized tumors in nude mice 
[76]. However, VEGF expression did not result 
m a growth advantage in vitro for such cells 
indicating that their ability to grow in vivo was' 
due to paracrine rather than autocrine mechan- 
isms. More direct evidence for a role of VEGF 
in tumor angiogenesis has recently been made 
possible by the availability of specific monoclonal 
antibodies capable of inhibiting VEGF-induced 
angiogenesis in vivo and in vitro [31]. Such 
antibodies exert a dramatic inhibitory effect on 
the growth of a variety of human tumor cell lines 
injected subcutaneously in nude mice, including 
glioblastoma multiforme, rhabdomyosarcoma and 
leiomyosarcoma [31]. However, the antibodies 
(or VEGF) have no effect on the in vitro growth 
of the tumor cells. The density of vessels, as 
assessed by immunostaining for Factor VHI-like 
antigen, was significantly decreased in tumor 
sections of antibody-treated animals as compared 
with controls [31]. The concept that inhibition of 
VEGF action results in suppression of tumor 
growth has been confirmed by the finding that a 
negative dominant Flk-1 mutant inhibits glio- 
blastoma growth in vivo [77]. More recently it 
has been shown that VEGF is a major mediator'of 
the in vivo growth of human colon carcinoma 
cells in a nude mouse model of liver metastasis 
where the tumor cells are injected in the spleen 
[78]. As in human tumors, the expression of 
Flk-1 mRNA in this murine model was markedly 
up-regulated in the vasculature associated with 
liver metastases. Treatment with anti-VEGF 
monoclonal antibodies resulted in a dramatic 
decrease in the number and size of metastases 



Most of the tumors in the treated group were 
under 1 mm in diameter and all were under 3 
mm. Also, neither blood vessels nor Flk-1 
mRNA expression could be demonstrated in such 
metastases. These findings are in good agreement 
with the hypothesis that growth of a tumor 
beyond 2-3 mm requires neovascularization [1-3] 
Administration of anti-VEGF antibodies also 
results in dramatic suppression of gross peritoneal 
tumor and ascites following injection of ovarian 
carcinoma cells in the peritoneal cavity of nude 
mice [79]. These findings indicate that VEGF- 
mduced angiogenesis is a critical rate-limitin* 
step even in the process of ovarian cancer tumori- 
genesis. 



Role of VEGF in angiogenesis associated with 
other disorders 

Intraocular neovascularization associated with 
diabetes, occlusion of the central retinal vein or 
prematurity and exposure to oxygen can lead to 
vitreous hemorrhage, retinal detachment followed 
by eventual blindness, and neovascular glaucoma 
[80]. Diabetic retinopathy is the leading cause of 
blindness in the western world [80]. All of these 
conditions are known to be associated with retinal 
ischemia [80]. As early as 1948, Michaelson pro- 
posed that the ischemic retina is able to release 
into the vitreous diffusible angiogenic factor(s) 
responsible for retinal and iris neovascularization 
[81]. Even though IGF-1 and bFGF have been 
implicated in this process, these factors do not 
show a consistent increase as would be expected 
if they played a significant causative role [82 83] 
On the other hand, VEGF, by virtue of its diffus- 
ible nature and hypoxia-inducibility, is an attrac- 
tive candidate as a retina-derived mediator of 
intraocular neovascularization. Recently, eleva- 
tions of VEGF levels in the aqueous and vitreous 
of eyes with proliferative retinopathy have been 
reported [33,84]. In a large series where 164 
patients and 210 samples of ocular fluid were 
examined, a strong correlation was found between 
levels of immunoreactive VEGF in the aqueous 
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and vitreous humors and active proliferative 
retinopathy [33]. VEGF levels were undetectable 
or very low (<0.5 ng/ml) in the eyes of individ- 
uals affected by non-neovascular disorders or 
diabetes without proliferative retinopathy [33]. In 
contrast, the VEGF levels were in the range of 
3-10 ng/ml in the presence of active proliferative 
retinopathy associated with diabetes, occlusion of 
central retinal vein, or prematurity. Remarkably, 
the VEGF levels were very low in the eyes of 
patients with quiescent proliferative retinopathy, 
suggesting a temporal correlation between VEGF 
release in the vitreous and blood vessel growth. 
These findings are consistent with the hypothesis 
that ischemia in the retina, regardless of its 
etiology, leads to release of VEGF, followed by 
neovascularization. More direct evidence for this 
hypothesis has been provided in a primate model 
of iris neovascularization that closely mimics 
human disease [85]. In this model, intraocular 
administration of anti-VEGF antibodies is able to 
dramatically inhibit the neovascularization that 
follows occlusion of central retinal veins [34]. 
These findings suggest that treatment with inhibi- 
tors of VEGF action may prevent the consequen- 
ces of neovascularization associated with diabetes 
or other ischemic retinal disorders. 

It has been also proposed that VEGF is in- 
volved in the pathogenesis of another important 
disease where angiogenesis plays a significant 
role, rheumatoid arthritis (RA) [86,87]. The RA 
synovium is characterized by the formation of 
pannus, an extensively vascularized tissue that 
invades and destroys the articular cartilage [88]. 
By its vascularity and rapid proliferation rate, the 
RA synovium has been likened to a tumor [89]. 
Levels of immunoreactive VEGF are high in the 
synovial fluid of RA patients while they are very 
low or undetectable in the synovial fluid of pa- 
tients affected by other forms of arthritis or by 
degenerative joint disease. Furthermore, anti- 
VEGF antibodies significantly reduce the endo- 
thelial cell chemotactic activity of the RA 
synovial fluid, indicating that immunoreactive 
VEGF is bioactive [86]. 



Conclusions 

VEGF has been identified and characterized only 
recently but already appears to play a pivotal role 
in the regulation of blood vessel growth as well 
as having considerable therapeutic potential. An 
attractive possibility is that the VEGF protein or 
gene therapy with VEGF may be used to promote 
revascularization in conditions of insufficient 
tissue perfusion. For example, chronic limb 
ischemia, most frequently caused by obstructive 
atherosclerosis affecting the superficial femoral 
artery, is associated with a high rate of morbidity 
and mortality and treatment is currently limited to 
surgical revascularization or endovascular inter- 
ventional therapy [90,91]. Recent studies already 
indicate that intra-arterial administration of 
rhVEGF 165 [29] or arterial gene transfer of VEGF 
[30] may significantly augment perfusion and 
development of collateral vessels in a rabbit 
model of hindlimb ischemia. Furthermore, VEGF 
administration results in increased coronary blood 
flow in a dog model of coronary insufficiency 
[28]. 

The high expression of VEGF mRNA in many 
human tumors [69-72], and the presence of the 
VEGF protein in ocular fluids of individuals with 
proliferative retinopathies [33] and in the synovial 
fluid of RA patients [86], strongly support the 
hypothesis that VEGF is a key mediator of angio- 
genesis associated with various pathological 
conditions. Therefore, anti-VEGF antibodies or 
VEGF antagonists have the potential to be of 
therapeutic value for a variety of highly vas- 
cularized and aggressive malignancies as well as 
for other angiogenic disorders. An anti-VEGF 
therapy is expected to have low toxicity, perhaps 
limited to inhibition of wound healing and ovarian 
and endometrial function, since endothelial cells 
are essentially quiescent in most adult tissues. 

In conclusion, recent evidence strongly 
suggests that, in spite of the plurality of factors 
potentially involved in pathological angiogenesis 
[1-3], strategies aimed at antagonizing one 
specific endothelial cell mitogen, VEGF, may 
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form the basis for an effective treatment of a 
variety of tumors and proliferative retinopathies. 
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Critical Determinants of Neoplastic 
Angiogenesis 

Isaiah J. Fidler, DVM, PhD, Rakesh K. Singh, PhD, Junya Yoneda, MD, Rakesh Kumar, PhD, 
Lei Xu, MD, Zhongyun Dong, MD, PhD, Diane R. Bielenberg, PhD, Marya McCarty, BS, 
Lc; M. Ellis, MD, Houston, Texas 



The major cause of death from cancer is metas- 
tases that are resistant to conventional therapy. 
Several reasons account for the failure to treat metas- 
car'.?. First, most tumors are biologically heteroge- 
neous and contain multiple cell populations with di- 
verse properties that include sensitivity to various cy- 
totoxic agents and ability to invade and produce 
metastasis. 1 ' 2 Metastases can be clonal in origin, and 
different metastases can originate from different 
progenitor cells. The metastases can be located in 
different lymph nodes and different organs, and the 
specific organ environment can influence the biolog- 
ic j -.:havior of metastatic cells, including their re- 
sponse to therapy. 1 - 3 Clearly, there is an urgent need 
to develop more effective regimens against dissemi- 
nated cancer. A better understanding of the molecu- 
lar mechanisms that regulate the process of metasta- 
sis and of the complex interactions between the 
metastatic cells and various host factors can provide 
the necessary biologic foundation for the design of 
more effective therapy. 

■ T»-"S PROCESS OF ANGIOGENESIS 

One crucial step in the continuous growth of tumors 
and the development of metastasis is the induction of 
vasculature to tumors. 4 * 8 A tumor mass that is < 1.0 
mm in diameter can receive oxygen and nutrients by 
diffusion. Any increase in tumor mass requires the 
proliferation and morphogenesis of vascular endothe- 
lial cells, that is, angiogenesis. 4 The process of angio- 
genesis consists of multiple, sequential, and interde- 
pen . jnt steps. It begins with local degradation of the 
basement membrane surrounding capillaries, which is 
followed by invasion of the surrounding stroma by the 
underlying endothelial cells in the direction of the an- 
giogenic stimulus. Endothelial cell migration is accom- 
panied by . the proliferation of endothelial cells, which 
af e then organized into three-dimensional structures to 
form new capillary tubes 5 (Fig. 1). 
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The onset of angiogenesis involves a change in 
the local equilibrium between proangiogenic and 
antiangiogenic molecules. 9 Some of the common 
proangiogenic factors are basic fibroblast growth fac- 
tor (bFGF), which induces the proliferation of a va- 
riety of cells and also stimulates endothelial cells to 
migrate, to increase production of proteases, and to 
undergo morphogenesis; 7 ' I0 * 12 vascular endothelial 
growth factor/vascular permeability factor 
(VEGF/VPF), which induces the proliferation of 
endothelial cells, increases vascular permeability, and 
induces production of urokinase plasminogen activa- 
tor (uPA) by endothelial cells; 1 *- 1 * interleukin-8 (IL- 
8), a chemoattractant cytokine produced by a variety 
of tissues and blood cells that attracts and activates 
neutrophils in inflammatory regions and is angio- 
genic in rat cornea assay; 16 ' 18 platelet-derived en- 
dothelial cell growth factor (PD-ECGF), which stim- 
ulates endothelial cell DNA synthesis and chemotaxis 
and induces production of FGFs; 19 hepatocyte 
growth factor (HGF), or scatter factor, a heparin- 
binding glycoprotein that increases cell migration, 
cell invasion, and the production of proteases as well 
as stimulation of angiogenesis; 20 ' 21 and platelet- 
derived growth factor (PDGF), a potent growth fac- 
tor for mesenchymal and glial cells. 22 The role of 
PDGF in angiogenesis at present is not clear but it 
has been shown to be angiogenic on chick chorioal- 
lantoic membrane 23 and possibly angiogenic during 
placental development and tumor growth. 24 ' 25 

Recently, we studied some of the mechanisms by 
which the different proangiogenic molecules regu- 
late different steps in the process of angiogenesis. 26 
Many growth factors can induce cell division and 
enhance cell survival. In the absence of serum, en- 
dothelial cells cannot survive in culture. 26 ' 28 Hence, 
culture conditions using serum-free media with dif- 
ferent concentrations of cytokines can determine the 
ability of the various cytokines to enhance survival. 
Our studies conclude that VEGF/VPF and bFGF 
are both effective survival factors, in agreement with 
published reports. 26 

The most common in vitro assay for angiogene- 
sis is the induction of endothelial cell proliferation. 12 
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B. Migration and Proliferation 




C. Organization into Capillary Tubes 



Figure 1 The process of angiogenesis. The process begins with degradation of the capillary basement membrane by met- 
alloproteinases (A). Endothelial cells then migrate into the stroma following a gradient of angiogenic stimuli and 
proliferate within the stroma (B). Organization of endothelial cells into three-dimensional structures forming new capillary 
tubes completes the process (C). 



We concluded that, among the cytokines tested, 
bFGF is the most potent mitogen. The initial dis- 
covery of VEGF by Dvorak and coworkers was 
based on its ability to increase vascular permeability; 
the factor was therefore called VPF. 29 The VPF gene 
was later cloned by Ferrara et al and named 
VEGF. 30 In our experiments, VEGF/VPF also in- 
duced division of endothelial cells, albeit to a much 
lower degree than did bFGF, in agreement with ear- 
lier reports. 31 

Increased proteolytic activity is critical for angio- 
genesis because degradation of the extracellular ma- 
trix (ECM) allows endothelial cells to invade and 
migrate. Although several enzymes have been found 
to degrade ECM, the most widely implicated en- 
zymes involved in angiogenesis include matrix met- 
alloproteinases, such as interstitial collagenase 
(MMP-1) and gelatinases (MMP-2 and -9), serine 
protease, and plasminogen activator. 8 ' 32 « 33 Exoge- 
nous and endogenous bFGF up-regulates MMP-2 
in murine melanoma cells 34 and enhances the ex- 
pression of MMP-1 and uPA in human umbilical 
vein endothelial cells (HUVEC). Although both 
bFGF and VEGF/VPF induce uPA in microvascular 
endothelial cells, 35 we did not find up-regulation of 
uPA mRNA in HUVEC by VEGF/VPF. These dif- 
ferences may be attributable to the different origin 
of endothelial cells used (microvascular versus um- 
bilical) or to differences in culture conditions. 

Another important step in angiogenesis is migra- 
tion of endothelial cells, and bFGF, VEGF/VPF, 
and HGF are chemotactic to HUVEC. 31 Our data 
suggest that bFGF and VEGF/VPF are chemotactic 
for endothelial cells, whereas HGF enhances the 
random migration of these cells, consistent with its 
property as a scatter factor. 36 ' 37 

To complete the process of angiogenesis, newly 
formed endothelial cells must organize into capillar- 
ies. The measurement of this morphogenesis is 
based on the in vitro formation of multicellular or 



tubelike structures that resemble microvascular 
sprouts or networks, which is facilitated by placing 
the endothelial cells in contact with components of 
the ECM. 38 We cultured HUVEC on top of gelled 
basement membrane matrix (Matrigel) in the pres- 
ence of different concentrations of angiogenic fac- 
tors. IL-8, VEGF/VPF, and bFGF all induced the 
organization of HUVEC into an extensive network 
that resembled a capillary mesh. 

Besides modulating endothelial proliferation, 
migration, and morphogenesis, growth factors can 
also modify vascular permeability, as demonstrated 
by VEGF/VPF. 15 Increased permeability of blood 
vessels during angiogenesis possibly facilitates the 
extravasation of proteins and, thus, the formation of 
ECM for cell migration. 15 Acute local administra- 
tion of VEGF has been shown to transiently in- 
crease vascular permeability 39 through activation of 
vesicular-vacuolar organelles present in the cyto- 
plasm of endothelial cells 40 and through the induc- 
tion of interendothelial cell gaps and endothelial 
fenestration. 41 The expression of VEGF/VPF by en- 
dothelial cells and other cell types is regulated by 
many factors, hypoxia being the foremost. 42 Because 
hypoxia can produce irreversible tissue damage, the 
induction of vascular permeability is the acute re- 
sponse, and its regulation by VEGF/VPF demon- 
strates the unique importance of this response in 
maintaining the functional integrity of the mi- 
crovasculature. Of all the cytokines tested, only 
VEGF/VPF increased the permeability of HUVEC, 
thus confirming the vascular permeability noted on 
the initial discovery of this factor. 29 

Different cytokines may have indirect angio- 
genic activity. For example, lymphoid cells have 
been shown to induce angiogenesis in both physio- 
logical 43; 44 and pathological 45 - 46 conditions. Cy- 
tokines that activate lymphoid cells to release angio- 
genic molecules can be classified as angiogenic 
themselves. 47 Second, many studies examining the 
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expression of angiogenesis-related genes in neo- 
plasms, for example, angiogenic molecules and their 
receptors, have found an abundance of VEGF/VPF 
and its receptors 48 ' 50 constrasted with rare expres- 
sion of bFGF and its receptors. 51 - 52 Several factors 
m ay account for this finding. First, the turnover 
time of capillary endothelial cells exceeds 1000 
dav 54 Thus, cell division, which takes only 
y hours, is a rare event, whereas continuous functions 
o;« tn at depend on permeability are common.. Second, 
1 the demonstrations that sparse cultures of actively 
^dividing cells express high amounts of bFGF, 55 
f' whereas confluent nondividing cells express high 
amounts of VEGF/VPF, 56 coupled with the finding 
&that bFGF is expressed on the periphery of human 
fl neoplasms and not in the center of the lesions, 57 
?4^ma} r<plain this discrepancy. There are some differ- 
-<lences in endothelial cells originating from large ves- 
?>. sels (HUVEC) and microvessels 58 " 60 as well as in en- 
ffedothelial cells from different organs. 61 ' 64 



*7- 



■ REGULATION OF ANGIOGENESIS BY THE TUMOR 
MICROENVIRONMENT 



Our laboratory has shown that expression of bFGF 
H by tumor cells depends also on the site of implanta- 
f ';f tion When human renal cell carcinoma (HRCC) 
ll^cells were implanted in different organ microenvi- 
%.ronments in nude mice, the expression of bFGF was 
.§7:10 to 20 times higher in those tumors implanted in 
g&rthe kidney than in those implanted in the subcuta- 
|| neous tissues. 65 The kidney tumors were more high- 
||ly vascularized than the tumors implanted in the 
jlS subcutis. In sharp contrast, the expression of inter- 
^feron-p (IFN-p) was high in epithelial cells and fi- 
^brobhsts surrounding the subcutaneous tumors, 
l&v.whert \< no IFN-0 was found in or around HRCC 
^tumors growing in the kidney. The parental cell line 
;||.-and metastatic clone also differed in bFGF expres- 
|||iSion. The alteration in bFGF level by the site of im- 
^'plantation was the result of adaptation to the organ 
^microenvironment, as demonstrated when the cells 
jfcwere reestablished in culture and their bFGF con- 
^tent returned to its previous in vitro concentration 
Matter 4 weeks. 65 

E:o:ession of bFGF in HRCC is cell density- 
^;dependent. 66 By in situ mRNA hybridization (ISH) 
^H^nd northern blot analysis, we found an inverse cor- 
H'relation between increasing cell density and bFGF 
^expression. 66 Fluorescence-activated cell sorting, im- 
||^nunohistochemistry, and enzyme-linked im- 
fnunosorbant assay confirmed this finding at the 
protein level. Tumor cells harvested from dense cul- 
lljfares (low bFGF expression) and then plated under 
sparse onditions expressed high amounts of bFGF. 



^C^ m ^ ar ^ aCa were obtained °y usm g endothelial 
j ang 1 ^ -^ fe|^l s - The effect was not mediated by soluble factors 



Cf V C ^1 l|l^ ea5eo - lnt0 the culture medium. The in vivo mani- 
' in 8 -il^fe| Cstat ion of cell density-dependent regulation is 



likely to be found by differences in gene expression 
in the center of a tumor versus at the periphery or 
leading edge. 67, 68 

The expression of bFGF in surgical specimens of 
human colon carcinoma (HCC) was determined by 
ISH and northern blot analysis. ISH analysis re- 
vealed that the concentration of bFGF was marked- 
ly higher in Duke's stage C or D tumors than in 
Dukes stage B tumors. Northern blot hybridization 
did not detect mRNA transcripts for bFGF. Howev- 
er, analysis by ISH revealed that bFGF was overex- 
pressed at the periphery of the tumor (leading edge), 
where the cells were rapidly dividing. This observa- 
tion confirms that tumors are heterogeneous for 
cells having various degrees of expression of invasion 
and metastasis-related genes and that a subpopula- 
tion of cells within a tumor can give rise to distant 
metastasis. In a follow-up study with colon cancer 
patients, bFGF expression was found to be highest 
in the primary tumors of patients who presented 
with metastatic disease. This study identified patients 
who appeared to be free of metastasis at the time of 
initial surgery (Duke's stage B) and yet developed 
distant metastasis at a later date; these patients had 
relatively high bFGF expression along with increased 
expression of other metastasis related genes, especial- 
ly at the invasive edge of the tumor. 67 ' 68 

The production of angiogenic molecules (e.g., 
VEGF, bFGF, and IL-8) by melanoma cells is regu- 
lated by complex interactions with keratinocytes in 
the skin. 69 Recent reports from our laboratory show 
that IL-8 is an important molecule in melanoma 
growth and progression. Not only did constitutive 
expression of IL-8 directly correlate with the 
metastatic potential of human melanoma cells, but 
also IL-8 induced proliferation, migration, and inva- 
sion of endothelial cells and, hence, neovasculariza- 
tion. 17 ' 70 Several organ-derived cytokines (produced 
by inflammatory cells) are known to induce expres- 
sion of IL-8 in normal and transformed cells. 69 Be- 
cause IL-8 expression in melanocytes and melanoma 
cells can be induced by inflammatory signals, we an- 
alyzed whether specific organ microenvironments 
could influence the expression of IL-8. Melanoma 
cells were implanted into the subcutis and the 
spleen of athymic nude mice (to produce liver 
metastasis) and were supplied intravenously (to pro- 
duce lung metastasis). Subcutaneous tumors, lung 
lesions, and liver lesions expressed high, intermedi- 
ate, and no IL-8 mRNA and protein, respectively 71 
Melanoma cells established from the tumors grow- 
ing in vivo exhibited similar amounts of IL-8 
mRNA transcripts as continuously cultured cells, 
thus demonstrating that the differential expression 
of IL-8 was the result of the selection of a subpopu- 
lation of cells 71 (Fig. 2). 

IL-8 expression can be up-regulated by cocultur- 
ing melanoma cells with keratinocytes (skin) and in- 
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Figure 2 The organ microenvironment regulates expression of IL-8. Melanoma cells were .rented at each of three d.rier- 
ent sites in nude mice: subcutis, spleen (liver metastasis), and intravenous (lung metastasis). Expression of IL-8 (rnRNA 
and protein) was high in subcutis tumors, intermediate in lung lesions, and absent from liver lesions. Transcripts for 
rnRNA were similar in cells from all three sites, so cell selection was not responsible for the differences in expression. 
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hibited by coculturing melanoma cells with hepato- 
cytes (liver). We also investigated the effects of two 
cytokines produced by keratinocytes (IL-1, IFN-p) 
and two cytokines produced by hepatocytes (tumor 
growth factors a and (3: TGF-a, TGF-p) on the reg- 
ulation of IL-8 in human melanoma cells. IL-1 up- 
regulated the expression of IL-8 in human 
melanoma cells at both the rnRNA and protein lev- 
els in a dose- and time-dependent manner in the 
presence of de novo protein synthesis. 17 IFN-fJ did 
not affect constitutive IL-8 rnRNA and protein pro- 
duction in human melanoma cells, but it did block 
the induction of IL-8 by IL-1. 17 TGF-p inhibited 
the expression of IL-8, whereas TGF-a had no ef- 
fect on IL-8 expression. 

The expression of the common angiogenic mole- 
cule VEGF is increased in necrotic areas of human tu- 
mor. 48 In vitro studies have confirmed that VEGF ex- 
pression is increased in response to hypoxia, probably 
because of increased transcription and increased 
rnRNA stability. 72 Treatment of cells with IL-1, IL-6, 
IL-8, TGF-P, PDGF, HGF, and bFGF can increase 
expression of VEGF. 49 VEGF expression is also reg- 
ulated by certain oncogenes (wand ras) and tumor 
suppressor genes, such as />53. 73 The organ microen- 
vironment also influences the expression of 



VEGF/VPF. Human gastric cancer cells were im- 
planted into orthotopic (stomach) and ectopic (sub- 
cutaneous) organs of nude mice. Tumors in the 
stomach were highly vascularized, expressed high 
amounts of VEGF, and grew more rapidly than did 
the subcutaneous tumors. In addition, metastasis 
occurred only from the tumors implanted in the 
stomach. 74,75 

■ LYMPHOID-MEDIATED ANGIOGENESIS 

Angiogenesis is essential to homeostasis, and its reg- 
ulation by lymphoid cells, such as T-Iymphocytcs, 
macrophages, and mast cells, is well recogni, ^d. f '^; 
76-83 A local inflammatory reaction consisting or l- 
lymphocytes and macrophages is often associate*, 
with invasive cutaneous melanoma, and an intense 
inflammatory reaction is often associated with in- 
creased risk of metastasis, suggesting that angiogene- 
sis induced by inflammation may contribute to tu- 
mor progression and metastasis. 

Immunological mechanisms involved in physio- 
logical angiogenesis occur subsequent to vvouru 
healing. 4 * Systemic chemotherapy has been shown 
to retard the process of wound healing, possib.y^ 
decreased immune response; whether this is me 
ed by inhibition or angiogenesis is not ciear. 
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. investigating the role of tumor vascularization and 
: i ts effect on tumor growth in immunosuppressed 
mice, we found the growth of weakly immunogenic 
Bl6 melanoma to be slower in myelosuppressed 
mice than in control mice.« Further evidence impli- 
cating myelosuppression in the retardation of tumor 
; growth and vascularity was obtained from doxoru- 
bicin (DXR)-pretreated animals injected with nor- 
ma! spleen cells 1 day before tumor chaJlenge. Tu- 
■ mo; growth in these mice was comparable with that 
in control mice.** Similar results were obtained in 
athymic mice, suggesting that the tumor vasculariza- 
tion observed in DXR-treated mice reconstituted 
with normal spleenocytes was not mediated solely 
by T-lymphocytes. Because reconstitution with 
spleen cells enhanced vascularization of the B16 tu- 
l^mors, the results suggest that myelosuppressive 
j, chemotherapeutic drugs, DXR, for example, can in- 
fr hib= host-mediated vascularization and support the 
^concept that developing tumors can usurp homeo- 
% static mechanisms to their advantage. 3 
|- The role of infiltrating cells in angiogenesis of 
Jf "human colon cancer has recently been reported by 
ff-Takahashi et a1 - 74 They observed high expression of 
li PD-ECGF in infiltrating cells, which were mostly 
^macrophages and lymphocytes, and very little ex- 
•? pression of PD-ECGF in the cancer epithelium. 
':■ The intensity of staining for PD-ECGF in infiltrat- 
or ing cells correlated with the density of blood vessels, 
C: suggesting the involvement of these cells in the an- 
P; giogenesisof HCC. 

Macrophages have been recognized for several 
.. years as important angiogenesis effector cells. 4 -'. «. 47, 
84, 85 They may influence new capillary growth by 
• several different mechanisms. First, macrophages 
V produce factors that act directly to influence angfo- 
? genesis-linked endothelial cell functions. In vitro 
stud.es have shown that macrophages produce > 20 
, molecules that reportedly influence endothelial cell 
proliferation, migration, and differentiation in vit- 
ro 5. 86 and are potentia] i 7 an g iogenic in vivQ A sec 

ond mechanism by which macrophages might mod- 
. ulate angiogenesis is by modifying the ECM The 
composition of the ECM has been shown to influ- 
ence endothelial cell shape and morphology dramat- 
'callv and may profoundly influence new capillary 
grov. :h.86-88 Macrophages can influence the compo- 
"tion of the ECM either through the direct produc- 
tion of ECM components or through the produc- 
tion of proteases, which effectively alter the struc- 
ture and composition of the ECM.« A third 
mechanism is the production of substances that sup- 
Press angiogenesis. Macrophages have been shown 
° express the angiogenesis inhibitor throm- 
D ospondin-l when treated with the chemopreven- 
tlv e agent retinoic acid. 86 > ss>-9i 
_! . Recently, we examined the mechanism for gen- 
* ration of angiostatin, an angiogenesis inhibitor iso- 
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lated from plasma of mice bearing Lewis lung carci- 
noma (3LL).52 Our results demonstrate that the 
generanon of angiostatin by the subcutaneous tu- 
mors requires the presence of macrophages and is 
directly correlated with their metalloelastase 
activity." The addition of plasminogen to 3LL cells 
cultured in vitro did not result in generation of an- 
giostatin, whereas the addition of plasminogen to 
cocultures of macrophages and 3LL cells did. Elas- 
tase activity in macrophages was up-regulated by the 
cytokine granulocyte-macrophage colony-stimulat- 
ing factor (GM-CSF). GM-CSF secreted by 3LL 
cells markedly enhanced the production of elastase 
by macrophages and hence the generation of angio- 
statin from plasminogen." These data suggest that 
elastase released from tumor-infiltrating macrophages 
is responsible for the angiostatin production in this 
tumor model and for the angiogenesis-inhibiting role 
of macrophages. 

■ MOLECULAR DETERMINANTS OF ANGIOGENESIS IN 
CUTANEOUS HEMANGIOMAS 



Infantile cutaneous hemangiomas represent a unique 
form of pathological angiogenesis in which endothe- 
lial cell tumors grow rapidly in the first year of life 
(proliferative phase), followed by a slow regression 
dunng the next 5 years (involuting phase) and an 
eventual involution or complete regression (involuted 
phase) by age 10 to 15 years .« Chronic daily systemic 
treatment with IFN-a has been shown to accelerate 
the involution of fatal hemangiomas.95-99 To deter- 
mine whether the progression and involution of in- 
fantile cutaneous hemangiomas were associated with 
overexpression of proangiogenic molecules or the 
lack of antiangiogenic molecules, we analyzed a large 
number of hemangioma specimens by immunohisto- 
chemistry. We found that proliferating hemangiomas 
expressed bFGF and VEGF/VGF but not IFN-B 
(mRNA and protein).ioo A surprising finding was 
that the epidermis directly overlying proliferating he- 
mangiomas was hyperplastic, whereas the epidermis 
overlying involuted hemangiomas or the epidermis 
from an unaffected site was not (Fig. 3). The hyper- 
plastic epidermis expressed bFGF, VEGF/VPF, and 
IL-8 but not IFN-p, whereas the normal epidermis 
expressed both positive and negative angiogenic mol- 
ecules. These data raised the possibility that the pro- 
liferating hemangiomas induced hyperplasia in the 
surrounding normal tissues (epidermis), leading to 
production of bFGF and VEGF/VPF, but not IFN- 
P, ,0 ° supporting the concept that neoplastic cells 
subvert and usurp host homeostatic mechanisms for 
their growth advantage. 

To study the relarionship between hemangiomas 
and the microenvironment, we developed an in vivo 
model for epidermal hyperplasia and angiogenesis, 
using UV-B irradiation of mice.'"! Mice exposed to 
10 kj/m^ UV-B developed epidermal hyperplasia ac- 
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companled by angiogenesis and telangiectasia dur- 
ing the first week following irradiation; however, 
these slowly subsided over the following weeks. The 
first striking event after UV-B irradiation was the 
increase in production of bFGF in the keratinocytes 
of the epidermis. 101 The increase in bFGF preceded 
or at least coincided with the division of epidermal 
cells, as recognized by immunohistochemical stain- 
ing with antibodies to proliferating cell nuclear anti- 
gen. Marked hyperplasia and angiogenesis immedi- 
ately followed. The expression of VEGF/VPF was 
slightly increased by day 5. Most interesting, the ex- 
pression of IFN-p in the epithelium decreased with 
epidermal hyperplasia but was reexpressed as the hy- 
perplasia and angiogenesis subsided. 102 

■ ANTIANGIOGENIC ACTIVITY OF INTERFERON-^ 

The IFN family consists of three major glycopro- 
teins that exhibit species specificity: leukocyte- 
derived IFN-OC, fibroblast-derived IFN-(3, and im- 
mune cell-produced IFN-y. Although IFN-a and 
IFN-p share a common receptor (the type I IFN re- 
ceptor) and induce a similar pattern of cellular re- 
sponses, certain cellular reactions can be stimulated 
only by IFN-P, probably by the phosphorylation of 
a receptor-associated protein that is uniquely re- 
sponsive to IFN-(3. 103 In addition to their well-rec- 
ognized activity as antiviral agents, IFNs regulate 
multiple biological activities such as cell growth, 104 - 
105 differentiation, 106 oncogene expression, 107 ' 108 
host immunity, 109111 and tumorigenicity. 112 * 117 
IFNs can also inhibit several steps in the angiogenic 



process. IFN has antiproliferative properties, tsp e _ 
cially on tumor cells, 118120 an effect that has also 
been demonstrated on endothelial cells in vitro 
IFN-Ot can inhibit FGF-induced endothelial prolif- 
eration, 121 and IFN-y can inhibit endothelial prolif- 
eration. 122 IFN-OC and IFN-y have been shown to be 
cytostatic to human dermal microvascular endothe- 
lial cells 123 and human capillary endothelial cells. 124 
Systemic therapy using recombinant IFNs pro- 
duces antiangiogenic effects in vascular tumors, in- 
cluding hemangioma, 94 " Kaposi's sarcoma, l2 5-i28 
melanoma, 129 basal cell and squamous cell carcino- 
ma, 130 and bladder carcinoma. 131 These tumors have 
also been documented as producing the high 
amounts of bFGF that are often detectable in the 
urine or serum of these patients. 132 " 134 These find- 
ings, along with our in vivo observations, prompted 
us to investigate whether IFNs could modulate the 
expression of the angiogenic molecule bFGF. We 
found that IFN-Ot and IFN-p but not IFN-y down- 
regulated the expression of bFGF mRNA and pro- 
tein in HRCC as well as in human bladder, prostate, 
colon, and breast carcinoma cells. 135 The inhibitory 
effect of IFN-a and -P on bFGF expression was cell 
density-dependent and was independent of the an- 
tiproliferative effects of IFNs. 70 - 135 We also con- 
firmed that IFN can inhibit bFGF production in an 
in vivo model system. Systemic administration of 
human IFN-a decreased the in vivo expression of 
bFGF, decreased blood vessel density, and inhibited 
tumor growth of a human bladder carcinoma im- 
planted orthotopically in nude mice. 136 
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Figure 3 Molecular determinants of angiogenesis in cutaneous hemangiomas. Specimens were examined by 
immunohistochemistry. Epidermis overlaying proliferating hemangiomas (A) was hyperplastic (arrow) and expressed 
only proangiogenic bFGF, VEGFA/PF, and IL-8, but not antiangiogenic IFN-p mRNA and protein. In contrast, epidermis 
from unaffected sites or involuted hemangiomas (B) was not hyperplastic and expressed both proangiogenic and 
antiangiogenic molecules. 
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The antiangiogenic effect of IFNs cannot be ex- 
plained solely on the basis of inhibition of endothe- 
lial cell proliferation. For example, IFN-CC/p can 
also inhibit the endothelial cell migration step of an- 
giogenesis. 137 ' 138 Subcutaneous injection of IFN- 
a/p adjacent to a wound delayed the healing process 
by inhibiting the proliferation, migration, and inva- 
sion of capillary buds, fibroblasts, and epitheli- 
ui.:. 139 ' 140 IFN-cc/p injected intratumorally or peri- 
tumorally into tumor cells resistant to the antiprolif- 
erative effects of IFN damages blood vessels, leading 
to ischemia and necrosis. 141 * 142 Moreover, as we re- 
ported, IFN-a/p can affect the expression of several 
angiogenic factors, including bFGF, 70 ' 136 IL-8, 142 
and collagenase type IV 143 - 144 (Fig.4). 

f ■ CONSTITUTIVE EXPRESSION OF IFN-p IN DIFFER- 
Er WED EPITHELIAL CELLS EXPOSED TO 
ENVIRONMENTAL STIMULI 

' The body's first line of defense against external chal- 
1" lenge is the epithelial cells that line the skin and the 
respiratory, digestive, and genitourinary tracts. Inas- 
much as IFN-P participates in host defense against 
•! viral, bacterial, and parasitic infections and tumors, 
we hypothesized that this secreted protein might be 
} expressed in various murine epithelial cell types that 
: lin portals of entry to the body We used immuno- 
. histochemistry and ISH techniques to measure IFN- 
P expression in the various epithelial cell types and 
in internal murine organs sheltered from environ- 
mental stimuli. The epithelial cell types lining the 
skin, digestive tract, urinary tract, reproductive 
tract, and upper respiratory tract constitutively ex- 
pressed IFN-(3. Specifically, all differentiated epithe- 
lial cells that are at risk of environmental exposure 
exp vssed IFN-P (protein and mRNA), except for 
the ciliated epithelial cells lining the lower respirato- 
ry tract. Epithelial cells of internal organs that are 
not directly exposed to external pathogens did not 
express IFN-p. 14 5 

Because IFN-p regulates cell replication and 
function, we determined whether the expression of 
IFN-p by epithelial cells correlated with terminal dif- 
ferentiation. 14 * ISH analysis and immunohistochem- 
ical raining of formalin-fixed, paraffin-embedded 
specimens of normal human and murine epidermis 
and human and murine skin tumors of epithelial ori- 
gin revealed that only differentiated, nondividing 
cells of the epidermis expressed IFN-P protein. Ker- 
atinocyte cultures established from the epidermis of 
3-day-old mice were maintained under conditions 
Permitting continuous cell division or induction of 
differentiation. Continuously dividing cells did not 
Produce IFN-p, whereas nondividing differentiated 
cells expressing keratin 1 did. Growth-arrested, un- 
dl fferentiated keratinocytes also expressed IFN-P 
Protein. Neutralizing IFN-P in the culture medium 
.^hibited differentiation, but adding exogenous IFN- 
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Figure 4 Antiangiogenic activity of IFN-a/p. IFNs can inhibit a number 
of steps in the angiogenic process, including endothelial cell migration 
(1) and proliferation (2), and the expression of the proangiogenic 
factors bFGF, IL-8, and matrix metalloproteinase (MMP; 3). 

P did not stimulate differentiation. These data indi- 
cate that IFN-p is produced by growth-arrested, ter- 
minally differentiated keratinocytes. l4 5. 146 

■ THERAPY OF HUMAN OVARIAN CANCER BY 
TRANSFECTION WITH THE MURINE IFN-P GENE: 
ROLE OF MACROPHAGE-INDUCIBLE NITRIC OXIDE 
SYNTHASE 

Our laboratory recently demonstrated that the local 
sustained production of murine IFN-P could inhibit 
the growth of human ovarian cancer cells in the 
peritoneal cavity of nude mice. 147 Human ovarian 
tumor Hey-A8 cells transfected with mIFN-P or a 
control neomycin-resistance vector grew well in cul- 
ture. Tumor cells were injected into the peritoneal 
cavity or under the subcutis of nude mice. Parental 
(wild-type) or control transfected cells produced 
large tumors, whereas mIFN-P-transfected cells did 
not produce any tumors. The IFN-p-transfected 
cells prevented the outgrowth of bystander parental, 
control-transfected cells, and another human ovari- 
an tumor cell line, SKOV3i.p.l, in the peritoneal 
cavity of nude mice (Fig. 5). The IFN-p-transfected 
tumor cells stimulated a high amount of NO pro- 
duction in murine macrophages under both in vitro 
and in vivo conditions, and only the NO-producing 
macrophages exhibited antitumor activity. 147 Collec- 
tively, these results demonstrate that the local pro- 
duction of IFN-P can inhibit the in vivo growth of 
human ovarian cancer cells by up-regulating the ex- 
pression of the inducible nitric oxide synthase 
(iNOS) gene in host macrophages. 148 
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B SUPPRESSION OF ANGIOGENESIS, TUMORIGENICI- 
TY, AND METASTASIS BY HUMAN PROSTATE CANCER 
CELLS ENGINEERED TO PRODUCE IFN-P 

We also determined whether the IFN-p could be 
used to suppress angiogenesis, tumor growth, and 
metastasis of human prostate cancer cells growing in 
the prostate of nude mice."* Highly metastatic PC- 
3M human prostate cancer cells were engineered to 
constitutively produce murine IFN-p subsequent to 
infection with a retroviral vector containing murine 
IFN-p cDNA. Parental (PC-3M-P), control vector- 
transduced (PC-3M-Neo), and IFN-p-transduced 
(PC-3M-IFN-P) cells were injected into the prostate 
(orthotopic) or subcutis (ectopic) of nude mice. PC- 
3M-P and PC-3M-Neo cells produced rapidly 
growing tumors and regional lymph node metas- 
tases, whereas PC-3M-IFN-P cells did not. PC-3M- 
IFN-p cells also suppressed the tumongemcity or 
bystander nontransduced prostate cancer cells. PC- 
3M-IFN-P cells produced small tumors (3-5 mm in 
diameter) in nude mice treated with anti-asialo 
GM1 antibodies and in severe combined immuno- 
deficient/Beige mice. Immunohistochemical stain- 
ing revealed that PC-3M-IFN-P tumors were ho- 
mogeneously infiltrated by macrophages, whereas 



control tumors contained fewer macrophages at their 
periphery. Most tumor cells in the control tumors 
were stained positive by an antibody to proliferative 
cell nuclear antigen (PCNA); very few were positive- 
ly stained by terminal deoxynucleotidyl transferase- 
mediated dUTP-biotin nick-end labeling (TUNEL). 
In sharp contrast, PC-3M-IFN-P tumors contained 
fewer PCNA-positive cells and many TUNEL-posi- 
tive cells. Staining with antibody against CD31 
showed that the control tumors contained more 
blood vessels than did the PC-3M-IFN-P tumors. 
PC-3M-IFN-P cells were more sensitive to lysis me- 
diated by NK cells in vitro or to cytostasis mediated 
by macrophages than control transduced cells. Con- 
ditioned medium from PC-3M-IFN-P cells aug- 
mented splenic cell-mediated cytolysis to control tu- 
mor cells, which could be neutralized by antibody 
against IFN-p. Collectively, the data suggest that the 
suppression of tumorigenicity and metastasis or 1 ' 
3M-IFN-P cells is the result of inhibition of angio- 
genesis and activation of host effector cells. 148 

■ CONCLUSIONS 

The angiogenesis within and surrounding neo- 
plasms is regulated by the balance between proan- 



Fidler et al/ Neoplastic Angiogenesis 





i 

0 



.vere 
h the 
not 

ie from 



at their 
cumors 
rerative 
/>osicive- 
lsferase- 

UNEL). 
mtained 
EL-posi- 
- CD31 

d more 
umors. 
/is me- 
lediated 
Is. Con- 
•11s aug- 
urol tu- 
ntibody 

chat the 
of PC- 



giogenic molecules (e.g., bFGF, VEGF/VPF, IL-8) 
and antiangiogenic molecules (e.g., IFN, angio- 
statin, thrornbospondin). Tumor cells, normal host 
cells, and leukocytes all contribute to angiogenesis. 
. The cross talk between the tumor cells and stromal 
cells represents a complex network of extracellular 
signals, including cytokines and growth factors, 
T thc.r antagonists/inhibitors, and soluble receptors, 
v all of which are released by and act on cells within 
3; the tumor microenvironment. The net effect is to 
I ; regulate the proliferation of metastatic cells and to 
enhance the establishment of a new blood supply 
f f \ for the tumors. Tumor cells express more than one 
t| angiogenic molecule, suggesting a redundant mech- 
jc anism for regulating the growth of new blood ves- 
% sels. These factors may be regulated by different sets 
]$> of host-derived cytokines. The absence of IFN-(3 
&v from tumor beds is associated with angiogenesis. 
1^ Restoring IFN provides an approach to the control 
of angiogenesis in neoplasms. Frequent systemic ad- 
jfe ministrations of low-dose IFN-OC or -B or introduc- 

V*' - 

^: ; tion of the IFN-P gene into the tumor bed has pro- 
duced substantial therapeutic results in preclinical 
orthotopic models. Clinical trials should determine 
whether this approach is also useful for the therapy 
of ItMman cancers. 
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Bevacizumab 




Bevacizumab 




Bevacizumab (Avastin; Genentech/Roche), 
an antibody against vascular endothelial 
growth factor, was approved by the US FDA 
in February 2004 for the first-line treatment 
of metastatic colorectal cancer in 
combination with 5-fluorouracil-based 
chemotherapy. It is the first approved agent 
to target tumour angiogenesis. 

Angiogenesis — the development of new blood 
vessels from pre-existing vasculature — has a 
key role in normal development, but also in 
several diseases, such as cancer. For a tumour to 
grow beyond a certain size, it needs a network^f 
blood vessels that supply nutrients and oxygen, 
and remove waste products' . So, understanding 
how angiogenesis is regulated in cancer has been 
a major area of cancer research, particularly in 
the past decade. 

Basis of discovery 

The hypothesis that inhibiting angiogenesis 
might be an effective anticancer strategy was 
put forward more than 30 years ago 2 . Earlier 
experiments had provided evidence that 



tumour angiogenesis was mediated by dif- 
fusible factors produced by tumour cells, and 
this hypothesis stimulated efforts to identify 
these factors 1 . 

In the 1980s, such efforts led to the isola- 
tion of vascular endothelial growth factor 
(VEGF), a potent stimulator of the growth 
of endothelial cells, the main type of cell in 
the inside lining of blood vessels 1 . It is now 
known that VEGF, which activates receptor 
tyrosine kinases on the surface of endothelial 
cells (fig. i), is a key regulator of normal and 
pathological blood vessel growth 1 . In the 
early 1990s, the demonstration that inhibi- 
tion of VEGF-induced angiogenesis using a 
monoclonal antibody against VEGF markedly 
suppressed tumour growth in vivo* led to the 
development of bevacizumab. 

Drug properties 

Bevacizumab is a humanized version of the 
monoclonal antibody against VEGF that was 
used in early proof-of-principle experiments 3,4 . 
It binds to VEGF, which prevents its interac- 
tion with the VEGF receptor tyrosine kinases 



VEGFR1 
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Figure 1 | Simplified view of VEGF signalling and tumour angiogenesis. The receptors for vascular 
endothelial growth factor {VEGF, also known as VEGF- A) -VEGFR1 (also known as Flt1) and VEGFR2 
(also known as Flk1 or KDR) - are expressed on the surface of blood endothelial cells. VEGFR2 is 
thought to be the major mediator of endothelial cell mitogenesis, survival and microvascular permeability, 
whereas VEGFR1 does not seem to mediate an effective mitogenic signal in endothelial cells, but does 
have other activities that can be important in tumour growth and metastasis, including the induction of 
matrix metalloproteinases (MMPs). tPA, tissue plasminogen activator; uPA t urokinase-type plasminogen 
activator. Adapted from ref. i . 



VEGFR1 and VEGFR2 (fig. i), and inhibits the 
growth of human tumour cell lines in mice 1 . 
Following early clinical trials showing that 
bevacizumab as a single agent was relatively 
non-toxic, and that it could be added to stan- 
dard cytotoxic chemotherapy regimes, large 
clinical trials were initiated in several cancer 
types, including colorectal cancer' . 

Clinical data 

It has been estimated that colorectal cancer 
is the fourth largest cause of cancer deaths 5 . 
For many years, chemotherapy of the disease 
has been based on traditional cytotoxic 
drugs, in particular 5-fluorouracil (5-FU) in 
combination with leucovorin (LV). More 
recently, the addition of the cytotoxic drugs 
irinotecan (Camptosar; Pfizer) or oxaliplatin 
(Eloxatin; Sanofi-Aventis) to 5-FU/LV 
regimes has been shown to prolong survival 
in advanced colorectal cancer. 

Bevacizumab, in combination with 5-FU- 
based chemotherapy, was studied in random- 
ized, controlled trials as a first-line treatment 
for patients with metastatic carcinoma of the 
colon or rectum 6,7 . In the pivotal Phase III 
study, which involved more than 800 patients, 
bevacizumab (5 mg per kg every 2 weeks) or 
placebo was given to the patients in addition 
to bolus-IFL (irinotecan 125 mg per m 2 
intravenously, 5-FU 500 mg per m 2 intra- 
venously and LV 20 mg per m 2 intravenously 
once weekly for 4 weeks every 6 weeks). 
Median overall survival was significantly 
increased from 15.6 months in the bolus-IFL 
+ placebo arm to 20.3 months in the bolus- 
IFL + bevacizumab arm 6 - 7 . Similar increases 
were also seen in progression-free survival 
(6.4 versus 10.6 months), overall response 
rate (35 % versus 45%) and duration of 
response (7.1 months versus 10.4 months). 

Bevacizumab was generally well tolerated 
in these clinical trials; however, some serious 
and unusual toxicities were noted. In particular, 
bevacizumab was associated with gastro- 
intestinal perforations and wound healing 
complications in -2% of patients 7 . Other 
adverse events associated with bevacizumab 
use include thromboembolic complications, 
hypertension, bleeding and proteinuria 7 . 

Indications 

Bevacizumab, used in combination with intra- 
venous 5-FU-based chemotherapy, is approved 
by the FDA for the first-line treatment of 
patients with metastatic carcinoma of the colon 
or rectum 7 . 
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ANTi-VEGFTHERAPIES I VIEW FROM THE CLiiSC 



Analysing clinical issues for anti-VEGF 
therapies is Lee M. Ellis, M.D., Professor of 
Surgical Oncology and Professor of Cancer 
Biology at the University of Texas MD 
Anderson Cancer Center, Texas, USA. His 
research interests are defining the role of 
angiogenesis in primary and metastatic human 
colorectal, pancreatic and gastric cancers, and 
evaluating mechanisms of anti-angiogenic 
therapies, such as those targeted against VEGE 

Wha t impact have anti- VEGF therapies such as 
bevacizutnab had on the treatment of cancer? 
The results from the original Phase ITT trials 
comparing IFL to IFL and bevacizumab 6 , and 
the subsequent FDA approval of bevacizumab 
in combination with intravenous 5-FU-based 
regimens, have changed the standard of care 
for patients with metastatic colorectal cancer 
(CRC), More recently, it has been announced 
that in Phase III trials, bevacizumab provided 
benefit to patients with advanced non-small-cell 
lung cancer (NSCLC). In addition, Phase I/II 
studies have suggested that the addition of 
bevacizumab to other therapeutic modalities 
(chemotherapy and radiation therapy) might 
be efficacious in patients with other malignan- 
cies, such as pancreatic carcinoma, renal-cell 
carcinoma and locally advanced rectal cancer. 

Another Phase III trial in metastatic CRC 
evaluated patients randomized to FOLFOX 
with or without the VEGF receptor tyrosine 
kinase inhibitor PTK787/ZD222584. It has been 
announced that after ~1 ,200 patients had been 
accrued , an investigator analysis demonstrated 
an improvement in progression-free survival, 
but a central radiology review did not note a 
statistically significant improvement in progres- 
sion-free survival. Data on overall survival 
should be available in 2006. 

How well are the mechanisms of benefit of anti- 
VEGF therapies understood? 
It is important to differentiate anti-VEGF 
therapy from other anti-angiogenic therapies, 
many of which are specifically intended to 
disrupt endothelial cell signalling or survival 
pathways. VEGF is a pluripotent factor that 
has multiple effects on the vasculature, includ- 
ing induction of angiogenesis and enhance- 
ment of endothelial cell survival, the ability to 
induce vascular permeability, and production 
of a dilated and disorganized vascular net- 
work. This altered tumour vascular network 
leads to inefficient blood flow, which can the- 
oretically be 'normalized' with anti-VEGF 
therapy, augmenting delivery of chemotherapy 
and oxygen*. 



It was initially believed that the VEGF recep- 
tors ( VEGFRs) are present only on endothelial 
cells, but recent studies have demonstrated that 
VEGFRs are present on tumour cells 9,10 . So, 
another potential mechanism of action of anti- 
VEGF therapy is a direct effect on tumour cells, 
where it might inhibit processes involved in 
tumour progression and metastasis. 

In addition to the above novel mechanisms 
for anti-VEGF therapy, it is still believed that 
anti-VEGF therapy can inhibit tumour angio- 
genesis. A detailed analysis has shown that the 
addition of bevacizumab to chemotherapy 
leads to a remarkable improvement in progres- 
sion-free survival relative to the incremental 
improvement in response rate as seen with 
chemotherapy alone (A. Grothey, personal 
communication). This observation suggests 
that anti-VEGF therapy might indeed be anti- 
angiogenic, although this is indirect evidence. 

How do you see an ti- VEGF therapy evolving in 
the next few years? 

Although most studies with bevacizumab have 
been carried out in patients with advanced-stage 
disease, future studies will include its use in 
combination with other therapies in the neo- 
adjuvant and adjuvant settings. Interesting 
results have already been obtained with the use 
of bevacizumab in addition to chemoradiation 
therapy for locally advanced rectal and pan- 
creatic cancers 1 u2 , and ongoing trials in CRC 
should provide some insight into the appropri- 
ate use of this agent in the adjuvant setting. 
However, one must consider the long- term 
effects of bevacizumab. In a meta-analysis of 
randomized Phase III trials, a 2.3-fold increase 
in arterial thrombotic events, including stroke, 
myocardial infarction, angina and transient 
ischaemic attacks, was noted. This is particularly 
important in patients who will be receiving 
bevacizumab in the adjuvant setting, and long- 
term follow up of cardiovascular events is cru- 
cial in such studies, especially as many patients 
would remain disease-free without therapy or 
with chemotherapy alone as adjuvant therapy. 

Although anti-angiogenic therapy was origi- 
nally intended for use as single-agent therapy, 
and was then combined with chemotherapy, 
there is also great potential for use in combina- 
tion with other biological agents. One very 
interesting observation during the past year has 
been the results from the BOND2 study (a fol- 
low-up of the BOND1 study of cetuximab with 
or without irinotecan in irinotecan-refractory 
patients). In this study, patients with metastatic 
CRC who had progressed on irinotecan-based 
therapy were randomized to receive cetuximab 



plus bevacizumab or cetuximab plus beva- 
cizumab plus irinotecan 13 . The combination of 
the two biological agents alone led to a remark- 
able 23% response rate in the refractory setting, 
and the addition of irinotecan to the two bio- 
logical agents led to a 38% response rate. These 
results suggest that biological agents can be 
combined without undue toxicity and that dual 
targeting of various mediators of tumour pro- 
gression is efficacious in and of itself. However, 
the addition of chemotherapy to the biological 
agents is likely to achieve an even better result. 

In summary, it is clear that bevacizumab 
improves the effects of chemotherapy in 
patients with metastatic CRC and NSCLC, and 
possibly other cancers. The efficacy of single- 
agent anti-VEGF therapy requires further study, 
in both the advanced-disease setting as well as 
the adjuvant setting. It is imperative that we 
determine the underlying mechanism of action 
of anti-VEGF drugs in order to develop predic- 
tive markers and better define the optimal use of 
these agents, as well as their potential short- and 
long-term toxicities. 
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Summary 

Vascular endothelial growth factor (VEGF) / vascular permeability factor (VPS) plays a crucial role for 
the vascularization of tumors including breast cancers. Tumors produce ample amounts of VEGF, which 
stimulates the proliferation and migration of endothelial cells (ECs), thereby inducing tumor vascularization 
by a paracrine mechanism. VEGF receptors (VEGF-Rs) are highly expressed by the ECs in tumor blood 
vessels. VEGF expression can be induced in various cell types by a number of stimuli including hypoxia, 
differentiation, growth factors and tumor promoters of the phorbol ester class, such as TP A. The VEGF 
inductive pathways comprise kinases, oncogenes, tumor suppressor genes, and steroid hormone 
transcription factors, many of which seem to converge on the activator protein (AP-1) transcription factor. 
Much less is known about the regulation of VEGF-R expression, which is restricted to ECs. This 
expression is greatly enhanced in diseased tissue such as solid tumors. So far, it appears that growth 
factors, cytokines, and tumor promoters are involved in the control of VEGF-R expression. Here we 
review current knowledge about the regulation of the expression of VEGF and its receptors. 



Introduction 

The seminal findings of Folkman and colleagues 
that tumors require proper vascularization for 
growth [1,2] have sparked an intense interest in 
growth factors which promote angiogenesis. 
Especially in the case of breast cancer, the 
assessment of the extent of tumor vascularization 
in the form of blood vessel counts is beginning to 
emerge as a novel prognostic indicator which is 
predictive of both relapse-free and overall survival 
[3-6]. 

The sprouting of new blood vessels is initiated 



by the degradation of the extracellular matrix, and 
the migration and concomitant proliferation of 
ECs. A large variety of growth factors have been 
described which might participate in this complex 
process (for instance reviewed in [7,8]). A 
steadily growing number of reports, however, 
have pinpointed VEGF, also known as VPS, as 
the pivotal in vivo mediator of physiological and 
pathophysiological angiogenesis (reviewed in [9]). 
VEGF is encoded by a single gene, which gives 
rise to at least four protein products, VEGF 206 
189, 165, 121 ( nam ed by the number of amino 
acids), which are generated by alternative splicing 
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of the mRNA [10-12]. VEGF can elicit many of 
the pleiotropic processes associated with angio- 
genesis. It is both a mitogen and a potent 
chemoattractant for ECs in vitro and in vivo [13- 
1 7]. In addition, VEGF induces ECs to release 
other factors which are involved in tissue re- 
modelling and blood coagulation (reviewed in 

-•iJSLim/ enhancin S vascu lar permeability, 
VEGF/VPS promotes the deposition of fibrin in 
the surrounding tissue, which favors the formation 
of a vascularized tumor stroma by fostering tissue 
infiltration with monocytes, fibroblasts, and ECs 
[18-20]. Intriguingly, monocytes have been 
reported to respond to VEGF/VPS with migration 

!?r? { ™Z [21] induding the Production of 
ViiGF [22-24], which may sustain a positive 
feedback circuitry that further promotes neovas- 
culanzation in situations of tumor growth or 
chronic inflammation. 

™™ y different ce " ^P" are able to produce 
VEGF, but its mitogenic activity seems to be 
confined to ECs [14-17], which express both hi«m 
and low affinity binding sites for VEGF [25-27] 
Recently, three structurally related PDGF recep- 
tor-like tyrosine kinases, flt-1 [28], flt-4 [29], and 

!r^ dr [30] ' have bee " identified as putative 
VEGF receptors. Flt-1 and flk-l/kdr bind VEGF 
with high affinity, appear to be exclusively 
expressed on ECs, and have been shown to medi- 
ate at least part of the cellular responses to VEGF 
[28,30,31]. Flt-4 does not to bind VEGF but 
rather seems to interact with another yet unidenti- 
fied hgand [32]. 

The involvement of VEGF in tumor neoangio- 
genesis was first indicated by observations" that 
many tumor cell lines produce VEGF [33] and by 
the abundance of VEGF in tumors [34-361 
Moreover, VEGF receptor expression is upregu- 
lated in ECs of tumor blood vessels [37,38] The 
VEGF concentration is highest in the vicinity of 
blood vessels, and antibodies to VEGF stain the 
ECs. Immune rejection of experimental tumors is 
accompanied by a rapid loss of the VEGF stain of 
blood vessels [39]. However, as evidenced by in 
situ hybridization with VEGF specific probes, the 
ECs do not produce VEGF by themselves, but 



S ^™ ^ ^ u StrfCtly Paracrine fashio " 
IJ4.J7.38]. The rich source of VEGF is provided 

by tumor infiltrating macrophages and mast cells 
as well as by the tumor cells themselves (re 
viewed in [18,40]). The few studies done with 
primary human tumor material suggest that the 
expression levels of VEGF in brain [35,41 421 
bladder [43], kidney [43,44], ovarian (D.M 
unpublished data), and gastrointestinal tract' 
tumors [45] increase with progression towards 
higher malignancy and seem to correlate with the 
extent of tumor vascularization. In primary breast 
carcinomas, VEGF expression is associated with 
high microvessel density and poor prognosis due 
to early relapse [46]. Furthermore, tumor blood 
vessels generally exhibit increased permeability 
which in some situations, e.g. in brain tumors' 
causes severe clinical symptoms due to compres- 
sion of the surrounding tissue [42,47] 

The importance of VEGF as' a tumor neo- 
angiogenesis factor was directly substantiated by 
showing that VEGF expression is a prerequisite 
for tumor growth. Exogenous overexpression of 
VbW< in Chinese hamster ovary (CHO) cells fails 
to transform the cells by in vitro criteria, but 
nevertheless bestows them with the ability to form 
small, well vascularized tumors in mice [48] 
Likewise, transfection with a VEGF expression 
plasmid increases the tumorigenicity of HeLa 
cells as well as tumor vascularization [49] 
Injection of VEGF neutralizing antibodies inhibits 
the growth of transplanted tumors in mice without 
affecting the proliferation of the tumor cells in 
vitro [49,50]. Similarly, interfering with VEGF 
receptor function by expression of a dominant 
negative mutant of the flk-1 VEGF receptor pro- 
foundly reduces tumor growth in mice [51] 



4 



Regulation of VEGF expression 

Research in this area is receiving growin* 
attention, since understanding the molecular 
mechanisms harbors the prospect for the rational 
design of antiangiogenic therapies by interfering 
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with VEGF expression. For the reader's conven- 
ience this paragraph will be subdivided according 
to the VEGF-inducing stimuli and conclude with 
the intracellular signalling pathways that are 
involved in the regulation of VEGF expression. 

Differentiation 

The expression pattern of VEGF and its receptors 
suggests that VEGF governs the development of 
the vascular system of the embryo [31,52,53]. 
VEGF and its receptors are highly expressed in 
the developing vascular system of mammalian 
embryos. In the adult, where neovascularization 
physiologically occurs only in connection with the 
menstrual cycle in the ovary and endometrium, 
the expression of VEGF and its receptors is 
downregulated, and VEGF probably serves to 
maintain the viability and proper function of ECs 
[52,54-56]. Nothing is known about the inductive 
stimuli which regulate the expression of VEGF 
and its receptors during development. 

Bone formation requires angiogenesis and is 
strongly stimulated by prostaglandins El and E2 
(PGE). PGE treatment of osteoblasts increases 
the expression of VEGF mRNA and protein, pre- 
sumably on the transcriptional level. VEGF 
induction is blocked by cAMP antagonists and 
dexamethasone, but can be enhanced by retinoic 
acid, which induces differentiation of pre- 
osteoblasts [57]. Another report shows that 
VEGF raises cAMP levels in osteoblasts and 
promotes migration and differentiation, leading to 
the speculation that VEGF contributes to osteo- 
blast differentiation by an autocrine mechanism 
[58]. 

Adipocyte differentiation coincides with the 
formation of new blood vessels. Cultured 3T3 
adipocytes have been shown to secrete angiogenic 
factors in a differentiation dependent fashion 
[59,60] and to give rise to well vascularized fat 
pads when injected into mice [61]. In vitro 
induction of the differentiation of 3T3 cells along 
the adipocyte lineage is accompanied by enhanced 
expression of VEGF mRNA and protein. Similar 
observations were made in the case of myogenic 



differentiation induced in C2C12 myoblast cells 
[62]. The underlying mechanisms for the induc- 
tion of VEGF expression are not resolved yet, but 
might involve protein kinase C (PKC) and cAMP 
dependent protein kinase (PKA) mediated signal- 
ling pathways, since both the PKC activator TPA 
and cAMP analogues could recapitulate VEGF in- 
duction in 3T3 preadipocytes as well as differen- 
tiated adipocytes. The same study showed that 
transformed PC12 cells express VEGF. Differen- 
tiation of PC 12 into non-malignant neuronal cells 
leads to a marked decline in VEGF expression. 
It is certainly premature to draw definite con- 
clusions from these studies, since the role of 
VEGF for differentiation per se is not known, nor 
have the in vivo effects of VEGF been investi- 
gated in this context. Nevertheless, the results so 
far tempt one to speculate that differentiating cells 
regulate their blood supply by modulating VEGF 
expression. Interestingly, both differentiation 
processes which physiologically elicit vascular- 
ization (e.g. adipocyte differentiation), as well as 
malignant dedifferentiation (exemplified by PC 12 
cells), seem to utilize the modulation of VEGF 
expression for promoting angiogenesis. 

Hypoxia 

Hypoxia increases vascular permeability [63,64] 
and provides a potent stimulus for neovascular- 
ization [65]. In glioblastomas, VEGF is highly 
expressed in the immediate vicinity of necrotic 
lesions, which presumably are caused by hypox- 
emia [37,66]. Oxygen deprivation strongly 
induces VEGF expression in established [66-68] 
and primary [69] cell lines in culture. The 
mechanism of induction is poorly understood, but 
resembles the regulation of erythropoietin expres- 
sion by hypoxemia [67]. Erythropoietin expres- 
sion is regulated at the transcriptional level as 
well as postranscriptionally. Both genes seem to 
respond to a common sensor of oxygen tension in 
the cell — probably a heme protein, as inferred 
from the susceptibility to stimulation by cobalt 
chloride and inhibition by carbon monoxide. In 
both cases the hypoxic induction of mRNA ex- 
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pression is dependent on protein synthesis, but 
once induced, inhibition of protein synthesis 
prolongs the half life of the mRNAs [67]. The 
promoter of the VEGF gene contains two se- 
quence motifs which share high homology with 
the hypoxia-responsive enhancer element of the 
human erythropoietin gene. A further stretch of 
sequence homology is found in the 3'-untranslated 
regions of erythropoietin and VEGF mRNAs [67]. 
Hypoxia has been shown to increase the binding 
of a protein factor to this site in the erythropoietin 
mRNA [70], which serves as a transcriptional en- 
hancer [71], 

A hint about the signalling pathways involved 
comes from the observation that hypoxia and 
cobalt chloride also induce the expression of c-fos 
and jun family genes [67,72,73]. Jun family 
homodimers or Fos/Jun heterodimers constitute 
the AP-1 transcription factor (reviewed in [74]), 
which might play a prominent role in the regula- 
tion of VEGF expression (also see below). The 
VEGF promoter features four AP-1 sites [10], and 
its transcription can be stimulated by coexpression 
of v-fos or c-jun in transient transfection assays 
(A. Technau, A.K., W.K., and D.M., unpublished 
data). Compared with mitogens, the induction of 
fos and jun mRNAs by hypoxia or cobalt occurs 
with strikingly delayed kinetics, which, however, 
coincide with the time course of VEGF mRNA 
expression. Little is known about upstream signal 
transducers activated by hypoxia, but work with 
chemical inhibitors suggests that kinases different 
from PKC are involved [75,76]. Plausible can- 
didates might be found amongst the recently dis- 
covered family of stress-activated protein kinases 
(SAPK) / c-jun NH 2 -terminal kinases (JNK). In 
contrast to PKC they are activated by various 
conditions of cellular stress, but not by mitogenic 
stimuli. They can directly activate AP-1 trans- 
criptional function by phosphorylating the Jun 
transactivation domain (reviewed in [77]). 

Steroid hormones 

.•• •« 

As anticipated for a physiological mediator of 
angiogenesis, the expression of VEGF mRNA and 



protein is increased in organs actively undergoing 
vascularization. Estrogen-induced regeneration of 
the uterine endometrium after menses includes the 
proliferation and an increase in permeability of 
the spiral uterine arteries [78,79]. Estrogen 
rapidly stimulates the expression of VEGF mRNA 
in the rat uterus in a manner not requiring prior 
protein synthesis [80]. In vitro studies with 
endometrial carcinoma cells confirm the induction 
of VEGF by estrogen [81]. A more detailed 
spatial resolution by in situ hybridization shows 
that VEGF is expressed in different steroid res- 
ponsive and steroidogenic cell types in the mouse 
[81]. In mouse ovaries VEGF induction ensues in 
a coordinated spatial and temporal fashion restric- 
ting expression to areas which acquire new capil- 
lary beds during the female cycle, such as the 
maturing and ovulating follicle and the* develop- 
ing corpus luteum [81,82]. After ovulation the 
avascular granulosa cell layer of the empty 
follicle is rapidly vascularized. Granulosa cells 
express VEGF [81,83], and in primary cultures of 
bovine ovarian granulosa cells the transcription of 
the VEGF gene can be induced by both estrogen 
and luteinizing hormone (LH) [83]. LH elevates 
cAMP levels in the cell by stimulating adenylate 
cyclase. The stimulation of VEGF expression by 
LH can consequently be mimicked by forskolin, 
a drug which directly activates adenylate cyclase. 
This type of induction occurs despite inhibition of 
protein synthesis and may be mediated by the 
cAMP responsive activator protein 2 (AP-2) con- 
sensus motifs [84] in the promoter of the VEGF 
gene. 

The VEGF promoter lacks steroid responsive 
elements, and induction of the VEGF gene by 
estrogen therefore must occur indirectly. Several 
possibilities can be envisioned. Estrogen raises 
cAMP levels in cultured breast cancer and uterine 
cells, which suffice to activate transcription of 
cAMP reporter genes [85] and thus might induce 
the VEGF gene via AP-2 transcription factors. In 
hormone responsive cells, estrogen also induces 
the transcription of the c-jun and c-fos genes [86], 
and hence the formation of AP-1 transcription 
factor complexes, which eventually could activate 



) 



i 

i 
i 

i 
i 

■ 

i 
t 

c 
s 
s 

/ 

F 

c 
h 
ti 
c 
v 
b 
s 
c 
s 

fl 

b 



S 
f< 

d 



Regulation of VEGF and VEGF-R expression 143 



VEGF transcription. Both estrogen and progester- 
one have been reported to augment the production 
of phosphoinositides and phosphatidylcholine in 
breast cancer cells [87,88]. These lipids are the 
precursors for a variety of second messenger 
signalling molecules including the physiological 
PKC activator diacylglycerol [89]. The biological 
significance of this observation is unclear, but it 
is plausible to assume that increases in the 
phospholipid pool facilitate PKC activation and 
PKC dependent VEGF induction. Finally, estro- 
gen acutely triggers tyrosine phosphorylation in 
MCF-7 breast cancer cells, presumably by activat- 
ing the c-Src tyrosine kinase. This stimulation is 
mediated by die estrogen receptor (ER), since the 
induction of tyrosine phosphorylation can be in- 
hibited by antiestrogens and does not take place 
in ER-negative COS cells [90], Interestingly, Src 
not only stimulates cell proliferation, but can also 
induce VEGF expression (see below). It remains 
to be tested, however, whether in breast carcin- 
omas VEGF expression is related to the ER 
status. Blood vessel counts do not appear to be 
significantly linked to the expression of ERs [3]. 
Prima vista, this seems to discount estrogen as a 
potential regulator of VEGF mediated angio- 
genesis. The multiple ways by which estrogen 
could induce VEGF expression, on the other 
hand, indicate that the specific genetic status of 
the tumor cell might determine whether estrogen 
can stimulate VEGF expression. For instance, it 
will be instructive to look for a correlation 
between ER status, mutations in the p53 tumor 
suppressor gene, and VEGF expression. As dis- 
cussed below, wildtype p53 constrains the expres- 
sion of the VEGF gene, and subversion of p53 
function might be required for VEGF induction 
by estrogen. 

Peptide growth factors 

Several peptide growth factors including trans- 
forming growth factors TGFct [91] and p [92], 
epidermal growth factor (EGF) [93], and platelet- 
derived growth factor (PDGF) [68,94], have been 



reported to augment VEGF expression in a variety 
of non-endothelial cell types in culture. All of 
these factors possess a wide range of diverse 
biological actions including inherent angiogenic 
properties [7,8]. This precludes firmly establish- 
ing a role of these growth factors in VEGF induc- 
tion in tumors at the moment. What is striking, 
however, is that the set of known VEGF-inducing 
growth factors is virtually identical to the panel of 
growth factors implicated in breast and other 
cancers. 

Although TGFp strongly stimulates angiogen- 
esis in vivo [95], it represses the proliferation of 
ECs in vitro [95-97]. TGFP induces VEGF ex- 
pression in vascular smooth muscle cells [68], 
fibroblasts, and epithelial cells [92], but not in 
ECs, suggesting that it exerts its angiogenic 
effects through a paracrine mechanism involving 
VEGF. The role of TGFP in breast cancer is 
controversial. High expression of TGFP! has 
been linked to both high [98] and low [99] meta- 
static potential. These discrepancies might be due 
to different detection methods, or else might 
reflect the complex biological effects of TGFp. 
Besides VEGF, TGFP can induce PDGF and 
basic fibroblast growth factor (bFGF) [92], whose 
effects on ECs synergize with VEGF [100]. 
TGFP might also enhance the growth of breast 
carcinomas by suppression of natural killer cell 
activity [101]. On the other hand, TGFp can 
inhibit the proliferation of many epithelial cell 
lines including breast cancer cells [102]. Thus, 
the biological outcome appears to depend on the 
balance between the different processes triggered 
by TGFp. 

TGFa or EGF induce VEGF expression in 
cultured epidermal keratinocytes [91] and glio- 
blastoma cells [93], respectively. Both growth 
factors bind to and signal through the EGF 
receptor (EGF-R), which is highly expressed by 
these cell types, and whose overexpression is 
commonly found in glioblastomas (for recent 
review see [103]). Psoriatic skin lesions as well 
as glioblastomas present with vascular prolifer- 
ation and hyperpermeability, which may be attri- 
buted to the TGFa/EGF-triggered production of 
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VEGF. High expression of TGFcc, EGF, and 
EGF-Rs is also found in an appreciable fraction 
especially of advanced breast cancers, although 
the prognostic value of these parameters is under 
dispute (recently reviewed in [104-106]). By 
virtue of the ability to induce tyrosine phos- 
phorylation and Ras activation (reviewed in 
[107]), the EGF-R is expected to be able to 
stimulate not only proliferation but VEGF ex- 
pression as well. 

PDGF induces VEGF mRNA in human vas- 
cular smooth muscle cells [68] and in murine NIH 
3T3 fibroblasts [94]. This induction appears to be 
mediated by PKC. Overexpression of PKCcc en- 
hances VEGF expression, whereas pharmacologic- 
al depletion of PKC blocks induction. High 
PDGF levels in plasma and tumor tissue have 
been reported to be indicative of poor prognosis 
of breast cancer patients [108]. 



Intracellular mediators of VEGF induction 

The intracellular signalling pathways that govern 
VEGF expression are still insufficiently explored, 
but apparently belong to the universal equipment 
of cells since VEGF expression is inducible in 
many different cell types. At present, a compre- 
hensive assessment of several studies highlights 
the AP-1 transcription factor as an important 
common denominator for the regulation of VEGF 
expression. The VEGF promoter features four 
consensus motifs for AP-1 binding, and deletion 
analysis of the promoter suggests that the most 
proximal site is both sufficient and necessary for 
induction by TPA in transient transfection assays 
(A. Technau and D.M., unpublished data). As a 
rule, TPA stimulation of VEGF expression 
depends on protein synthesis, which is plausible 
because the Fos protein is not expressed in 
quiescent cells. Estrogen [86] as well as TGFfJ 
[109] also stimulate expression of Fos and Jun, 
the components of AP-1, by unknown mechan- 
isms. On the other hand, glucocorticoids such as 
dexamethasone repress VEGF expression ([22,57], 
G. Finkenzeller, A. Technau, F. Totzke, and 



D.M., manuscript submitted). The activated 
glucocorticoid receptor antagonizes AP-1 directed 
transcription by direct interaction with the Jun 
component of the AP-1 complex (reviewed i n 
[110,111]). It remains to be tested, whether this 
type of transcriptional interference contributes to 
the anti-angiogenic property of steroid hormones 
(reviewed in [112]) or to the efficacy of dexa- 
methasone in the treatment of rheumatoid arthritis 
and cerebral edema in connection with brain 
tumors. High expression of VEGF/VPF has been 
suggested to play an important role in the patho- 
genesis of both rheumatoid arthritis [1 13,1 14] and 
cerebral edema [42,47]. 

AP-1 is a classical nuclear target for PKC 
[1 15]. Direct pharmacological activation of PKC 
by phorbol esters leads to VEGF induction in 
many different cell types. PKC is a lipid regu- 
lated serine/threonine specific kinase, which is 
predominantly found in the cytoplasm but trans- 
locates to the membrane upon activation. Al- 
though originally defined as a biochemical entity, 
PKC has been revealed by molecular cloning as 
a multigene family consisting of eleven known 
isozymes. All tissues and cell types examined 
express one or more PKC isoforms, which seem 
to serve distinct biological functions (for a recent 
review see [116]). For example, overexpression 
of PKC5 in NIH 3T3 fibroblasts reduces the 
growth rate, while overexpression of PKCe or -ti 
leads to malignant transformation [117]. PKCe 
and -T| overexpressing NIH cells appear morpho- 
logically normal in culture, but grow in soft agar 
and readily form tumors in nude mice. Interest- 
ingly, these cells feature an enhanced and pro- 
longed expression of VEGF in response to TPA 
in vitro (H. Mischak, F. Mushinski, J. Pierce, J. 
Goodnight, A.K., and W.K., unpublished data), 
prompting speculation that this trait contributes to 
tumorigenicity. Transformation and tumorigen- 
icity elicited by PKCe can be reversed by ex- 
pression of a dominant negative Raf-1 mutant (A. 
Cacace, H. Mischak, M. Ueffing, B. Weinstein, 
and W.K., unpublished data), indicating that the 
Raf-1 kinase is a downstream signalling element 
of PKCe. The Raf-1 kinase has been previously 



implicated in the signal transduction of PKCs by 
the finding that PKCct can activate Raf-1 by 
direct phosphorylation [118-120]. In the cell, the 
Raf-1 kinase can also be activated by complex 
formation with Ras proteins [121-123, and 
references therein]. Both Ras and Raf-1 can 
stimulate AP-1 dependent transcription [124], and 
their oncogenic versions strongly induce VEGF 
expression in NIH 3T3 cells (S. Grugel, G. 
Finkenzeller, K. Weindel, B. Barleon, and D.M., 
manuscript submitted). In addition, Ras and 
certain tyrosine kinase oncogene proteins such as 
Src enhance the generation of diacylglycerol 
[125], which is the physiological activator of 
PKC. Signalling by Src-type tyrosine kinases, 
Ras, and PKC requires Raf-1 function [126,127]. 
Thus, Raf-1 might serve as a pivotal effector of a 
an interdigitating network of membrane-associated 
signal transducers (Ras, Src, PKC), which collect 
and process a wide array of stimuli. Activated 
Raf initiates a kinase cascade by phosphorylating 
the Mek kinase, which in turn activates Erk/MAP 
kinases (reviewed in [77,128]). Erk can trans- 
locate to the nucleus, where it phosphorylates and 
activates transcription factors, amongst them c-Jun 
[129] and the ternary complex factor (TCF) [130], 
which induce immediate transcription of the c-fos 
gene. Thus, this pathway can regulate AP-1 by 
enhancing the transcriptional activity of the c-Jun 
protein and by affecting AP-1 composition due to 
induction of c-Fos expression. Activation of this 
pathway is required for oncogenic transformation 
of fibroblasts [131], and it is conceivable that the 
conversion to a tumorigenic phenotype might 
comprise activation of VEGF. 

Another lead in respect to the regulation of 
VEGF expression was provided by the observa- 
tion that the progression of dysplastic colon 
adenomas to carcinomas (reviewed in [132]) and 
of low malignancy astrocytomas to highly malig- 
nant glioblastomas [133] is accompanied by 
mutations in the p53 tumor suppressor gene as 
well as increased vascularization [35,41,42,45]. 
This correlation was corroborated by in vitro 
experiments with NIH cells expressing a tempera- 
ture sensitive (ts) p53 protein [134]. At the 
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permissive temperature, where most of the p53 is 
in the mutant conformation, TPA-induced VEGF 
induction is dramatically and specifically aug- 
mented. This permissive effect of mutant p53 
seems to be caused by the loss of a restraining 
influence of the wild-type p53 on VEGF induc- 
tion, since VEGF expression is elevated in differ- 
ent cell lines where wildtype p53 has been 
genetically deleted or its function ablated by 
coexpression of the SV40 large T antigen or 
Mdm-2 (D.P. Dittmer, personal communication). 
Similarly, transformation of rat proximal tubule 
epithelial cells with a ts SV-40 large T antigen 
leads to VEGF induction at the permissive temp- 
erature. These findings are intriguing, because 
they link the regulation of VEGF expression and 
hence tumor vascularization to p53, the gene most 
commonly found mutated in human malignancies. 
30%-50% of breast cancers carry p53 mutations 
[135]. Germline mutation of one p53 allele 
causes Li-Fraumeni syndrome [136,137], which 
predisposes to sarcomas as well as to early onset 
breast cancer eventually afflicting as many as 
50% of female carriers. 

Structure and function of the VEGF receptors 

So far, two human receptor tyrosine kinases, Flt-1 
(fms-like tyrosine kinase, [138]) and KDR (kin- 
ase-domain insert containing receptor, [139]), 
have been cloned and shown to function as spec- 
ific receptors for VEGF. The homologous genes 
of KDR in mouse [140] and rat [141] have also 
been cloned and are called flk-l and TKrC, 
respectively. Putative avian homologues, Quek 1 
and Quek 2 (for quail endothelial kinase), have 
been identified as well [142]. The two VEGF-R 
genes are closely related and together with the 
PDGF-R and the protooncogenes c-fms and c-kit 
belong to a class of tyrosine kinase receptors 
which is hallmarked by a kinase domain split by 
a large insert sequence. In contrast to PDGF-R, 
which contains five immunoglobulin-like do- 
mains, flt-1 and KDR possess seven immuno- 
globulin-like loops within their extracellular 
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portion. This property is shared with another 
receptor tyrosine kinase, Flt-4 [29,143], which 
does not bind VEGF and for which a ligand has 
not yet been identified [32]. A soluble splice 
variant of Fit- 1 features only six immunoglobulin- 
like domains, but still can bind VEGF [144]. 
Both Flt-1 and KDR bind VEGF with high affin- 
ity [28,30]. When recombinantly produced in Sf9 
cells they bind at least 3 VEGF isoforms 
(VEGF 121 , VEGF 165 , and VEGF 189 ) at compar- 
able affinities (G.M.-B. and D.M., unpublished). 
Flt-1, but not Flk-l/KDR, can in addition bind 
placenta growth factor (P1GF), which is closelv 
related to VEGF [145,146]. 

In regard to receptor function information is 
scarce. Porcine aortic ECs stably expressing 
human Flt-1 or KDR have been analyzed with 
respect to various cellular functions [147]. KDR 
expression leads to striking changes in cell 
morphology, actin reorganization, membrane ruff- 
ling, chemotaxis, and mitogenicity upon VEGF 
stimulation, whereas Flt-1 expressing cells lack 
such responses. Both Flt-1 and KDR autophos- 
phorylate in vitro in response to VEGF, KDR 
much better than Flt-1. In intact cells only 
ligand-induced autophosphorylation of KDR is 
detectable. VEGF stimulation of Flt-1 or KDR 
expressing cells does not alter the activity of 
receptor-associated phosphatidylinositol-3-kinase 
or the tyrosine phosphorylation of phospholipase 
C-y, but slightly increases the phosphorylation of 
GTPase activating (GAP) protein. In contrast, 
members of the Src-family, such as Fyn and Yes, 
show increased phosphorylation indicating acti- 
vation. 



Expression of VEGF receptors 

VEGF-R expression in tissues and cell lines 

As judged by Northern blot analysis, both recep- 
tors are expressed in a variety of tissues, fit A 
mRNA is predominantly found in placenta, brain, 
heart, and lung [138]. The KDR mRNA is detec- 
ted mainly in kidney, heart, spleen, and lung 



[140]. At the cellular level, high affinity binding 
of VEGF has been almost exclusively demonstra- 
ted for ECs [27]. Comparison of Flt-1 and KDR 
expression in ECs has yielded overlapping yet 
distinct expression patterns [148]. The two 
known exceptions where VEGF receptor expres- 
sion has been found in non-endothelial cells are 
monocytes (B. Barleon, A. Mantovani, and D.M., 
unpublished) and cells of the pancreatic tract 
[149]. 



VEGF-R expression during development 

Evidence that the VEGF/VEGF receptor system 
plays a crucial part in vasculogenesis and 
angiogenesis comes from in situ hybridization 
studies with various fetal tissues from mice and 
humans [150,151]. High expression of both 
receptors is tightly controlled during embryo- 
genesis and restricted to certain cell populations. 
Differential but overlapping expression of VEGF- 
R mRNAs is seen in all ECs, including the blood 
islands of the yolk sack from which the early 
progenitors of. this lineage originate. flk-l 
transcripts can be found in the branching vessels 
of the developing and post-natal brain, but not in 
the adult brain [31]. The involvement of both 
receptors in vasculogenesis is strengthened by the 
finding that null mutations of either gene result in 
growth arrest of mice embryos between day 7.5 
and 8.5 of embryonic development, soon after the 
cardiovascular system starts to form [152,153]. 



VEGF-R expression in pathological situations 

In differentiated ECs in the adult, the amount of 
VEGF-R mRNA is remarkably reduced, but in 
various pathological situations activation and 
proliferation of ECs is accompanied by a drastic 
augmentation of VEGF-R expression. The most 
pronounced increase of VEGF-R expression has 
been reported for glioblastoma and gliosarcoma 
cells grafted on nude mice or syngeneic rats 
[37,38]. The ECs of the normal brain do not 
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express significant amounts of VEGF-R mRNA, 
whereas 24 out of 26 brain tumors examined 
expressed the fltA and KDR genes at various 
levels [42]. No obvious correlation was found 
with VEGF mRNA levels investigated in the 
same tissues. Another study revealed that 
adenocarcinomas express both types of VEGF-R 
in vascular ECs, while adjacent healthy tissue 
shows no response [45]. Similarly, no flt-l 
transcripts can be found in the normal skin 
endothelium, but flt-l expression is greatly 
enhanced during wound healing with maximal 
expression at day 7 after wounding [53]. Taken 
together, these findings indicate that in highly 
vascularized tumors there is considerable ex- 
pression of both VEGF and VEGF-Rs. As in the 
case of VEGF, the interesting question concerning 
the regulation of VEGF receptor expression is: 
What are the mechanisms which enhance flt-l and 
KDR expression? The answer to this question as 
well as to the question concerning the mechan- 
isms of VEGF gene transcription is a major issue 
pertaining to the understanding of the develop- 
ment and progression of solid tumors. 



Regulation of VEGF-R gene expression 

The turnover rates of vascular ECs in the healthy 
adult human organism are generally very low. A 
marked exception is the female reproductive sys- 
tem, where the need for additional vasculature is 
constantly imposed by the cyclic, evolution of 
transient tissue structures. Therefore, it is not 
astonishing that the cyclic expression of both 
VEGF and VEGF-Rs is observed in tissues in- 
volved in this process [81]. As mentioned above, 
in certain pathological situations such as the 
development of solid tumors, the expression of 
VEGF in tumor cells and VEGF receptors in ECs 
adjacent to and growing into the tumor is charac- 
teristic for the disease. Very little is known about 
the regulation of the expression of the VEGF-R 
genes. Only recently, a few growth factors and 
cytokines have been shown to modulate fit A and 
KDR gene expression [154]. bFGF causes a sig- 



nificant increase in fit A mRNA and a slight 
increase in KDR mRNA in human umbilical vein 
ECs. Interestingly, bFGF is produced by some 
tumors ([155] and references therein). The cyto- 
kine IL-4 slightly upregulates fltA expression, 
while repressing KDR expression. TNFa strongly 
inhibits the expression of both receptors. Fur- 
thermore, the tumor promoter TPA induces robust 
fltA expression, whereas KDR expression is 
almost unaffected. VEGF itself (at least the two 
isoforms VEGF 165 and VEGF 121 ) is not able to 
augment the expression of either receptor. The 
same seems to be true for P1GF-1 and P1GF-2, the 
two isoforms of P1GF. The challenge clearly is to 
identify the factor(s) responsible for the high 
expression of VEGF-Rs observed in ECs lining 
tumor vessels. Another important issue is the cell 
specific expression of the VEGF-R receptors. 
Cloning of the promoters for the two receptor 
genes will certainly further our insight into both 
processes: cell-specific expression and factor- 
dependent enhancement of expression. 



Outlook 

Given the mounting evidence that VEGF is one of 
the most important factors governing tumor angio- 
genesis, it is imperative to learn more about the 
molecular mechanisms which control the expres- 
sion of VEGF in the tumor cells, and which regu- 
late the expression of the VEGF-R in the ECs. 
The available data are summarized in Figure 1 . 

Two pioneering experiments, one showing 
suppression of experimental tumors by neutral- 
izing anti-VEGF antibodies [49,50], the other by 
expression of a dominant negative flkA mutant 
[51], have in principle installed the inhibition of 
VEGF or its receptors as a valid concept for a 
novel approach to tumor therapy. A major advan- 
tage seems the apparent lack of severe toxic side 
effects observed in these experiments. Further- 
more, because of the potential of VEGF to perme- 
abilize the vascular wall, there is a chance to 
interfere with metastasis formation. This, how- 
ever, remains to be evaluated in appropriate in 
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Figure 1. Regulation of VEGF and VEGF-R gene expression 



vivo systems. A promising task for the future 
will be to develop low molecular weight sub- 
stances to inhibit the expression or function of 
VEGF and its receptors which are better suited 
for use in the clinic than antibodies or dominant 
negative genes. 

Despite the recent advances many questions 
remain to be answered. Are both VEGF-Rs in- 
volved in tumor angiogenesis? Do additional 
VEGF-Rs exist? How is their expression regu- 
lated? Are all known VEGF isoforms tumor 
angiogenic factors? Which side effects are to be 
expected when the VEGF/VEGF receptor system 
is blocked? Although the expression of VEGF-Rs 
has been reported for almost all solid tumors 
investigated so far and the high expression of 
VEGF-Rs in tumor blood vessels has been suc- 
cessfully shown at least in a few tumor types, the 
question remains: Is VEGF the only or at least the 
most important tumor angiogenesis factor, or are 
there comparable ligand/receptor systems which 



govern tumor angiogenesis? Recently, a new 
family of receptor tyrosine kinases has been found 
to be predominantly expressed in ECs [156]. The 
ligands for these receptors have not been identi- 
fied yet. Preliminary studies show that two mem- 
bers of this receptor family, tie-1 and tie-2, are 
expressed in human glioblastomas (K. Weindel 
and D.M., unpublished), but more work has to be 
done to elucidate the role of these receptors in 
tumor angiogenesis. 
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Summary. To investigate the participation of microvas- 
cular pericytes in the process of capillary sprouting, we 
examined whole-mount preparations of the rat mesen- 
tery by use of a double immunofluorescence approach. 
Angiogenesis was induced by intraperitoneal injections 
of either the mast cell-degranulating substance com- 
pound 48/80 or tumor cell-conditioned medium. Capil- 
lary sprouts were visualized by staining with rhodamin- 
conjugated phalloidin and pericytes were simultaneously 
stained by an antibody to the intermediate filament pro- 
tein desmin. Developing pericytes were negative for the 
smooth-muscle isoform of a-actin, but were clearly reac- 
tive for desmin. Pericytes appear to be involved in the 
earliest stages of capillary sprouting. Pericytes were regu- 
larly found lying at and in front of the advancing tips 
of endothelial sprouts. At many sites pericytes were seen 
to bridge the gap between the leading edges of opposing 
endothelial sprouts, which were apparently preparing to 
merge, suggesting that pericytic processes may serve as 
guiding structures aiding outgrowth of endothelial cells. 

Key words: Pericytes - Angiogenesis - Capillaries - Cap- 
illary sprouting - Desmin - Immunocytochemistry - Rat 
- Adenocarcinoma cells, rat 



Angiogenesis, the development of new blood vessels 
from a pre-existing microvascular network, is of funda- 
mental importance for several physiological and patho- 
logical events such as organ development and tumor 
growth (Paweletz and Knierim 1989; Blood and Zetter 
1990; Folkman and Klagsbrun 1987). Endothelial cells 
have been shown by in vitro studies to be capable of 
forming random networks of capillary-like endothelial 
tubes (Folkman and Haudenschild 1980; Pepper et al. 
1990). Capillaries in situ contain a further cell type, the 
pericyte, which is found enclosed within the microvascu- 
lar basa! lamina (Sims 1986; Diaz-Flores et al. 1991). 

Correspondence to: V. Nehls 



Pericytes have been suggested to suppress endothelial 
proliferation (Orlidge and D'Amore 1987) without hav- 
ing any obvious role during the initial phase of capillary 
sprouting (Paweletz and Knierim 1989; Blood and Zetter 
1990; Folkman and Klagsbrun 1987; Crocker et al. 
1970). Several morphological studies indicate that at 
least a fraction of capillary pericytes may evolve from 
perivascular fibroblasts (Sims 1986: Crocker et al. 1970: 
Rhodin and Fujita 1989; Nakayasu 1988). Final proof 
for this theory, however, is lacking. We have recently 
shown that pericytes located at the midcapillary seg- 
ments of the microvascular tree do not contain the a- 
isoform of smooth-muscle type actin (Sm a-actin; Nehls 
and Drenckhahn 1991a). In contrast, pericytes of pre- 
and postcapillaries were distinctly positive for Sm y- 
actin. As typical fibroblasts also do not contain Sm 2- 
actin (Sappino et al. 1990), this observation may be ten- 
tatively interpreted in terms of a fibroblastic nature of 
midcapillary pericytes. To investigate closer the develop- 
ment of pericytes during capillary sprouting we exam- 
ined the angiogenic reaction occurring after intraperi- 
toneal application of compound 48/80 (Norrby et al. 
1986) and tumor-cell conditioned medium, respectively. 
We provide further evidence for a fibroblastic origin of 
pericytes and, more importantly, for dn early involve- 
ment of pericytes in capillary sprouting. 



Materials and methods 

Induction of angiogenesis 

Mast cell-stimulated angiogenesis was induced by daily intraperi- 
toneal injections of compound 48/80 (Sigma, Deisenhofen. FRG) 
over a range of 5 days, as described earlier (Norrby et al. 1986). 
At different intervals after the first injection, during the incremental 
phase of capillary sprouting or after complete capillary loops have 
been formed, the animals were sacrificed and mesenteries were 
mounted on teflon rings. As an alternative angiogenesis system, 
conditioned medium of tumor cells was injected into the peritoneal 
cavity of rats. Walker 256 carcinoma cells (rat adenocarcinoma 
cells) were generously provided by the Dcutsches Krebsforschungs- 
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zentrum, Heidelberg, FRG and grown in RPMI 1640 medium 
(Gibco, Eggenstein. FRG) supplemented with 10% fetal calf serum 
(FCS,Gibco) at a density of 7 x 10 5 cells/ml. Cells were centrifuged 
at lOOOxg for lOmin and supernatants were stored frozen at 
-20° C. One ml of the tumor cell-conditioned medium was injected 
twice daily over a range of 10 days. At day 11 the rats were sacri- 
ficed and mesenteries processed for examination by immunofluo- 
rescence. 



Immunofluorescence on whole-mount preparations 

Rat mesenteries were mounted on teflon rings and fixed in 2% 
formaldehyde in phosphate-buffered saline (140 mM NaCL 10 mM 
Na phosphate, pH 7.3. PBS) for 5 min. The mesothelial layer was 
removed by controlled proteolytic digestion in 0.5% Dispase II 
(Boehringer, Mannheim, FRG) as described previously (Nehls and 
Drenckhahn 1991 a; Nehls and Drenckhahn 1991 b). After permea- 
bilization in acetone at —20° C samples were incubated with first 
antibodies for 2 h at room temperature and, following extensive 
rinsing, in fluorescein-isothiocyanate (FITC) and tetramethyl rho- 
daminyl-isothiocyanate (TRITC)-conjugated second antibodies. 
FITC-labeled goat anti-rabbit IgG and TRITC-labeled goat anti- 
mouse IgG were from Bayer Diagnostic, Munich, FRG. For double 
fluorescence purposes, a mixture of both second antibodies was 
used. In case of double-labeling with antibodies and TRITC-phal- 
loidin, tissue samples were first incubated with primary and second- 
ary antibodies and then stained for filamentous actin (F-actin) 
by 30-min incubation with 5 ug ml TRITC-phalloidin and appro- 
priate controls as described (Nehls and Drenckhahn 1991b; 
Drenckhahn et al. 1984). 



Antibodies 

were used in this study: Monoclonal 
mouse IgG against the NH 2 -terminal decapeptide of smooth mus- 
cle a-actin (SM a-actin, Progen. Heidelberg, FRG) (Skalli et al. 
1986). The antibody to chicken gizzard desmin was raised in a 
rabbit and was affinity-purified according to standard procedures 
(Drenckhahn and Franz 1986). In immunoblot analyses, the anti- 
body showed strong binding to desmin (53 kD band) of smooth 
muscle cells. There was no detectable cross-reactivity to vimentin 
(negative results with endothelial cells). The antibody to factor 
Vlll-related antigen (human von Willebrand factor) was from Sig- 
ma, Deisenhofen, FRG. Double immunostaining of capillaries with 
both the antibody to desmin and anti-factor Vlll-related antigen 
clearly revealed that endothelial cells were left completely unstained 
by anti-desmin (not shown). 



Results 

Angiogenesis in the rat mesentery 

The translucent parts of the membranous mesentery of 
normal rats are essentially free of blood vessels (Norrby 
et al. 1986). To study the cellular events in the process 
of capillary sprouting, angiogenesis has to be induced 
by angiogenic stimuli. For this purpose, we used the 
model of mast cell-stimulated angiogenesis which was 
introduced by Norrby et al. (1986). After repeated intra- 
peritoneal injections of the mast cell-degranulating sub- 
stance 48/80, a dense capillary network developed 
throughout the stromal layer of the mesentery. These 
microvessels could be visualized clearly by staining of 



filamentous actin with rhodamin-tagged phalloidin 
(Fig. 1 a). To investigate whether the cellular events de- 
tected in mast cell-induced capillary sprouting aiv - orn . 
parable to other types of angiogenesis, we rej- . X\W, 
injected Walker 256 carcinoma cell-conditioned medium 
into the peritoneal cavity of rats. The ensuing vascular 
growth reaction appeared to be less intense as compared 
with mast cell-induced angiogenesis. However, there 
were always sufficient numbers of capillary sprouts, al- 
lowing to investigate the fate of pericytes during capil- 
lary sprouting. 



Immunostaining of microvascular cells 

The most ideally suited antibody for selective stainina 
of microvascular pericytes appeared to be an affinity^ 
purified antibody raised against chicken gizzard desmin 
(Fig. 1 b ; c). This antibody displayed strong binding to 
pericytes of all microvascular segments as well as to vas- 
cular smooth muscle cells. Endothelial cells and quies- 
cent fibroblasts were left completely unstained. In con- 
trast, the monoclonal antibody to SM a-actin fail 
stain pericytes of capillaries and capillary sprouts includ- 
ing young capillary loops (Fig. 2a, b). By these criteria 
(positive for desmin, negative for Sm a-actin) young per- 
icytes could be safely distinguished from any other cell 
type of the mesentery. The nascent microvasculature ex- 
hibited positive staining for SM a-actin only on proximal 
vascular segments which by their relatively large diame- 
ters and branching pattern were identified as pre- and 
postcapillaries according to the definition given 
viously (Nehls and Drenckhahn 1991a; Nehls . 
Drenckhahn 1991 b) (Fig. 2 a, b). 

For positive identification of endothelial cells we used 
in a first attempt antibodies to the factor-VIII related 
antigen. This antibody was bound to numerous small 
cytoplasmic granules, most likely Weibel-Palade bodies. 
These were mainly located in the perinuclear region of 
endothelial cells (Fig. 2d). Unfortunately, the cell mar- 
gins and the utmost distal endings of endothelial sprouts 
were left unstained (Fig. 2d). TRITC-phalloidin. in . 
trast, exhibited strong binding to the total endotlK... 
cell body including the cell margins and distal extensions 
of endothelial sprouts (Fig. 2c). Pericytes in close appo- 
sition to the capillary wall were also stained by phalloi- 
din, whereas immature pericytes (defined as desmin-pos- 
itive cells lying adjacent to capillary sprouts), displayed 
only weak to moderate fluorescence (Fig. 3). Fibroblasts 
were rather weakly labeled by TRITC-phalloidin. most 
probably due to lower amounts of F-actin in these cells 
(Fig. 3). 



Capillary sprouting 

Double-fluorescent imaging of capillary sprouts by 
TRITC-phalloidin and anti-desmin revealed that peri- 
cytes were regularly present at the leading tips of endo- 
thelial sprouts (Fig. 3). This occurred irrespective of the 
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Kig. 1. a. Low-magnification view of a TRITC-phalloidin-stained 
area of the rat mesentery of a rat 7 days after mast cell stimulation 
with compound 48/80. Note bright staining of the entire capillary 
network. Numerous mononucleated cells (probably macrophages) 
are also stained. Bar: 200 urn. b, c Visualization of pericytes in 
the rat mesentery by anti-desmin seven days after induction of 
mast cell-stimulated angiogenesis. Fibroblasts (f) and endothelial 
cells {arrows) remain largely unstained. In b. pericytes of a postca- 
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pillary are shown. Note that cellular processes of postcapillary peri- 
cytes encircle endothelial cells perpendicularly to the long axis of 
the vessel. One fibroblast-like cell close to the vessel wall shows 
moderate staining for desmin and thus possibly is in the process 
of being transformed into a pericyte (asterisk). In c the long and 
slender cellular extensions" of a midcapillary pericyte are shown 
to be aligned in parallel to the direction of the capillary. Bar: 
10 urn 






Kiy. 2. a, b. Mast cell-stimulated angiogenesis in the rat mesentery. 
Doublc-immunostaining of the developing microvasculature by 
anti-desmin (a) and anti-SM a-actin (b). Pericytes of all microvas- 
cular segments (V venule; cap midcapillaries) are positive for des- 
min. The label for SM s-actin is confined to pericytes of the venule. 
Pericytes of midcapillaries (cap) and capillary sprouts do not con- 
lain detectable amounts of SM oc-aclin. Bar: 30 um. c, d Simulta- 



neous, fluorescent staining of a capillary sprout by TRITC-phalloi- 
din (c) and an antibody to human von Willcbrand factor (d). Note 
bright phalloidin labeling of entire endothelial cells including the 
growing tips. Von Willebrand factor, in contrast, is restricted to 
cytoplasmic granules (probably Wei be 1- Pa lade bodies) of more 
proximal sprout segments, leaving the leading edge (arrow) un- 
stained. Bar: 5 um 
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Fig. 3. Simultaneous fluorescent staining of capillar) 
sprouts by TRITC-phalloidin (a, c, e) and anti-desmin 
(b, d, f) in rat mesenteries with mast cell-induced an- 
giogenesis (a-d) and angiogenesis induced by tumor 
cell-conditioned medium (e, f). In a and b the tips of 
two merging endothelial sprouts arc indicated by ar- 
rows. Two pericytes (asterisks) are found in close 
proximity to endothelial cells whereas a third pericyte 
bridges the gap between opposing endothelial sprout 
tips. In c-f endothelial sprouts are shown at higher 
magnification. Leading tips are indicated by arrow 
In each case, a pericyte has settled on the tip region 
of a sprouting capillary, sending a thin process with a 
terminal thickening in front, of the tip of the sprout. 
In addition to the cellular processes running in paral- 
lel to the sprout, the pericyte in f sends out a third 
extension pointing to a nearby capillary loop (not 
shown) Bars: 10 urn 
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mode of angiogenesis induction, i.e., by mast cell stimu- 
lation (Fig. 3a-d) or stimulation by tumor cell-condi- 
tioned medium (Fig. 3e, f). Developing pericytes were 
clearly reactive for desmin, thus being easily distinguish- 
able from fibroblasts and endothelial cells. The proximi- 
ty between nascent pericytes and endothelial sprouts ap- 
peared to depend on the degree of maturation of the 
growing capillaries. Some pericytes were seen in tight 
apposition to endothelial cells, thus resembling mature 



pericytes, whereas other pericytes were only loosely as* 
dated with endothelial sprouts. 

Nascent pericytes usually exhibited a slender, bipolar 
morphology with cellular processes advancing at the tips 
of endothelial sprouts for various distances (up to 
100 urn; Fig. 3a, b). Most interestingly, the gaps between 
the tips of opposing endothelial sprouts, which appar- 
ently were preparing to merge, were frequently seen to 
be bridged by desmin-positive pericytes (Fig. 3a, b). 
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Occasionally, stromal cells were detectable in the vicinity 
of capillary sprouts, which displayed moderate to strong 
staining for desmin and which showed a fibroblast-like 
morphology (Fig. 1 b). These cells might be regarded as 
transitional cell types between desmin-negative fibro- 
blasts and desmin-positive pericytes. That pericytes ap- 
parently do not develop from pre- and post-capillary 
pericytes or from smooth muscle cells can also be sug- 
gested from the observation that pericytes of growing 
capillaries were always negative for Sm x-actin (Fig. 2a, 
b). According to these findings, immature pericytes ap- 
peared to be more closely related to stromal fibroblasts 
than to vascular smooth muscle cells. 



Discussion 

In this report we present observations that may help 
to explain two aspects of pericyte biology. The first as- 
pect is concerned with the question of the developmental 
origin of microvascular pericytes. There is a long-stand- 
ing controversy about whether pericytes oriainate from 
vascular smooth muscle cells or stromaf fibroblasts 
i Sims 1986; Diaz-Flores et al. 1991 ; Crocker et al 1970- 
Rhodin and Fujita 1989; Nakayasu 1988). The demon- 
stration of certain smooth-muscle type proteins, e e SM 
x-actin (Herman and D'Amore 1985; Skalli et'al 1989) 
cGMP-kinase (Joyce et al. 1984), myosin (Joyce et al. 
1985) and desmin (Fujimoto and Singer 1987) in micro- 
vascular pericytes has directed some attention toward 
the vascular smooth-muscle cell as a possible precursor 
cell of pericytes. However, we have recently shown that 
pericytes of true capillaries (midcapillaries), which may 
be regarded as the youngest pericytes of a capillary net- 
work, are virtually devoid of SM x-actin (Nehls and 
Drenckhahn 1991a). Additionally, the present study 
demonstrates that developing pericytes do not express 
detectable amounts of SM x-actin. Transitional cell types 
between fibroblasts and pericytes have been visualized 
which were fibroblast-like by morphology and locations 
(loose connections to sprouts) and pericyte-like by posi- 
tive staining for desmin. We thus strongly support a 
model according to which pericytes at least partly differ- 
entiate from stromal fibroblasts. Fibroblasts are sup- 
posed to acquire pericytic characteristics in the following 
sequence: In a first step, cell-cell contacts between endo- 
thelial sprouts and fibroblasts are established (Rhodin 
and Fujita 1989). Thereafter these periendothelial cells 
may start expression of desmin. Finally, when microvas- 
cular networks expand to form pre- and postcapillary 
segments pericytes may acquire smooth muscle-like fea- 
tures and begin to express SM x-actin. 

The second aspect of pericyte function addressed by 
our Imdmgs is the open question of the involvement 
oi pericytes in capillary sprouting. An early role of peri- 
cytes in sprouting has been denied by many researchers 
(Paweletz and Knierim 1989; Blood and Zetter 1990- 

s5 iM 11 iQ C nl ld r K ' agSbrUn 1987; Folkman and Hauden- 
schild 1980). In a recently published review article for 

example. Blood and Zetter (1990) have drawn the' fol- 
lowing conclusions: "Formation of a basement mem- 



brane and investment of capillaries with pericytes are 
generally associated with the end of the proliferative 
stage and the beginning of the mature or quiescent sta«>e 
of capillary function". This and similar statements of 
other authors refer to ultrastructural examinations of 
capillary sprouts during wound healing (Crocker et al 
1970). However, the only reliable criterion that allows 
to distinguish stromal fibroblasts from pericytes by con- 
ventional electron microscopy is the capillary basal la- 
mina which surrounds pericytes but not fibroblasts Un- 
fortunately, there is very little basal lamina material at 

!«ir~ g tips of ca P' llai 'y sprouts (Rhodin and Fujita 
1989; Bar and Wolff 1972; Paku and Paweletz 1991) 
Thus, electron-microscope investigations do not allow 
to exclude the possibility that extramural pericytes are 
involved in-capillary sprouting, which, by definition 
(Ashton and DeOliveira 1966), are not yet surrounded 
by basal lamina material. To circumvent these technical 
limitations which appear to hinder the investigation of 
pericyte development at the electron-microscope level 
we and others (Verhoeven and Buyssens 1988; Schlinae- 
mann et al. 1991) have chosen an immunohistochemical 
approach for positive identification of pericytes. 

There are two more reports speaking in favor of an 
early involvement of pericytes in angiogenesis (Verhoe- 
ven and Buyssens 1988; Schlingemann et al. 1991). How- 
ever, these conclusions were based on examination of 
tissue sections which do not allow to follow cellular ex- 
tensions for longer distances and to identify the growino 
tips of sprouts safely. In' the present study we have used 
whole-mount preparations and obtained by this tech- 
nique convincing data demonstrating that capillary 
sprouting includes coordinated growth of both pericytes 
and endothelial cells rather than mere elongation of en- 
dothelial tubes, which subsequently become~occupied by 
microvascular pericytes. Moreover, the gaps between op- 
posing endothelial sprouts, which apparently were about 
to merge, were regularly seen to be bridged by desmin- 
positive pericytes. Thus, guiding of endothelial sprouts 
by pericytes would offer an attractive explanation for 
the hitherto unsolved problem of how capillary sprouts 
find each other to fuse to continuous capillary loops. 

Under in-vitro conditions pericytes have been shown 
to inhibit the proliferation of cultured endothelial cells 
(Orhdge and D'Amore 1987). This inhibitory effect of 
pericytes appeared to be mediated by an activated form 
of transforming growth factor /? (Antonelli-Orlidge et al 
1989). Furthermore, the activation of TGF ft has been 
shown to depend on the formation of cell-cell contacts 
between pericytes and endothelial cells (Antonelli-Or- 
lidge etal. 1989). Wakui (1988) has demonstrated that 
the number of cell-cell contacts of endothelial cells and 
pericytes increases with ongoing maturation of newly 
formed capillaries. In view of these findings and consid- 
erations it appears reasonable to assume that stimulation 
and inhibition of endothelial proliferation during angio- 
genesis is a finely balanced process in which pericytes, 
by an active involvement in capillary sprouting, are like- 
ly to play a key role. 
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Capillary growth in the mesentery of normal young rats. 
Intravital video and electron microscope analyses 
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SUMMARY - Capillary sprouting was studied by a combination of intravital video recording and sub- 
sequent electron microscopy in the mesentery of young female rats without previous experimental manip- 
ulation. Selected segments of the mesenteric microvascular bed with capillarv sprouts were carefully sur- 
veyed and mapped at a monitor magnification of 255 times and submitted to detailed in vivo analysis 
concerning flow pattern and cells at 2000 times magnification. The mesenterv was preserved for light and 
electron microscopy by a superfusion of glutaraldehyde while observed and recorded on video, confirming 
earlier investigations that this type of fixation does preserve exceptionally well vascular topographs* and 
diameters of the mesenteric microvascular bed. Capillary sprouts originated as endothelial spurs from arte- 
nolar-venular arcades and continued to grow in size through a bipolar rearrangement of endothelial cells, 
forming a solid sprout tip which progressively lengthened by alternately rapid and slow growth phases The 
extended leading tip of the migrating endothelial cells displayed microspikes and pseudopodia denuded of 
basal lamina. The cytoplasm of the leading tip contained an arrav of microtubules, 75 A filaments and many- 
small vesicles. In similarity with the situation in nerve growth cones, all these organelles probably partici- 
pate in cytoplasmic streaming and cell migration. The sprout lumen arose between endothelial ceils of the 
solid sprout. Mesenteric connective tissue fibroblasts approached and settled down on the sprouts, being 
converted to pericytes as the fibroblasts became enveloped bv a basal lamina. The pericytes reinforced the 
wall of the delicate and fragile capillary sprouts, and trapped plasma, platelets and red' blood cells which 
had leaked out temporarily, in the process assuming an umbrella shape. The arteriolar feeder of the arcades 
was surrounded by cells which were classified as intermediate between pericytes and true smooth muscle 
cells. Sprouts that presumably were on the verge of merging with other capillaries were analyzed for in- 
dications of how anastomoses are formed. 



k»> Words microcirculation - angiogenesis ■ capillary growth ■ rat mesentery - 
w/tal - electron microscopy 

INTRODUCTION 

structural mechanism of capillary growth is fairly 
understood. It is a process which begins with a focal 
gradation of the capillary basal lamina and the projec- 
ts of endothelial processes from the parent vessel into 
l he surrounding connective tissue. Gradually, several en- 



, 1 hw paper was presented in part at the Fourth World Congress for Microcircu- 
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dothelial cells become polarized and protrude in an ame- 
boid migratory movement, establishing a solid capillary 
sprout which elongates through endothelial mitotic activ- 
ity several cells behind the leading tip. A narrow sprout 
lumen emerges between component endothelial cells as 
blood plasma and formed elements of the blood gradual- 
ly enter the sprout. Anastomosis of sprouts and adjacent 
capillaries leads to the onset of blood flow. Much of what 
is known is based on studies of vascular growth in 
wounds in the cornea (Schoefl, 1963; Sholley et al, 1984) 
and cremaster muscle (Schoefl, 1963) after cauterization; 
growth of vessels in the ear chamber implanted in the 
rabbit ear (Cliff, 1963, 1965); and in vitro investigations 
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r-iil fins of tadpoles (Clark, ^> 
925 and the rabbit ear chamber (Clark and Clark, 1934, 
9 9 1 40 1943; Clark et aL, 1930) contributed consul- 

1939, IHV, w> , , . d eve lopmental pat- 

u „ cr.^ied in a mammalian system. The mesentery u 
been studied m a ^ & mMscu . 

voun° rats does otter ^uui a . 

Ked is a prerequisite for subsequent deposition ot lip 

~, TUp video plav backs enabled us to biuu> 
»u. rwrillatina plasma columns in the capuiary v 

growth Of capOlao P can not 

over P rol 7^/ e "^ e S d m for more than 1-2 h without 
be exposed and ob .sened tor j cular be d, 

^Srl^pL and observe the 
and ,t ,s "« nlc " r How ever, the strength ot nur 

»v by electron microscopy 

; Atoned to ex„t. since it « clecnonstret.d h» 
Loblasts do transfer.,, to capillary ^ 

• * .t-n rpnresent precursors ot smootn mub 
t-Uf nenevtes in turn lepiebcut . 
1 S arterioles and venules emerge from their captl- 

lary precursors. 
MATERIALS AND METHODS 
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Ribbons of thin serial sections were mounted on formvar-coated slot 
grids and stained with uranyl acetate followed by lead citrate. 

Light microscopy - The embedded mesenteric membrane was photo- 
graphed before sectioning in a whole-mounted preparation at magnifica- 
tions of 100X and 400x. Selected frames on the television monitor 
were also photographed and compared with those obtained after Epon 
embedding and sectioning. Photographs were also taken of serially sec- 
tioned vascular segments, mounted on glass slides and stained with to- 
Iuk : lue. These were quite suitable for analysis of vascular compo- 
nents v. ith 100 X oil immersion objective. 

Electron microscopy - Thin sections were examined with a Philips 301 
transmission electron microscope at plate magnifications ranging be- 
tween 250 x and 35,000x. The electron microscope analyses identified 
each specific segment of the microvascular bed and established cell 
types and components of the vascular walls, including endothelial cells, 
pericytes, smooth muscle cells and perivascular connective tissue ele- 
ments, guided by earlier investigations by Rhodin (1967, 1968, 1972, 
197! «**0, 1984, 1986). 



INTRAVITAL OBSERVATIONS 



Vascular components 

Trv microvascular bed of the young rat mesentery was 
for .-.-ra by a two-dimensional network of arterioles, capil- 
laries and venules (Figs. 1, 10 and 47). These microvessels 
continued to develop and grow in young and adult rats 
in advance of lipid deposition and the development of 
adipose tissue. The outer edges of the developing micro- 
vascular beds displayed arteriolar-venular arcades and 
loops from which emanated capillary sprouts. These 
sprouts averaged 5 \xm in diameter and extended any- 
whc. from 5 \im to 1000 \\m. Most of the capillary 
sprouts originated at angular points, where the microves- 
sel changed from an arteriole to a venule, although 
sprouts arose also at other points, in which case twice as 
many emanated from venous segments as opposed to ar- 
terial segments. 

The direction of the blood flow was easily seen and rec- 
orded during the observation of the microvascular bed in 
the --vital microscope. The flow was rapid in the arte- 
Holv. ihese microvessels underwent periodic constric- 
tions and dilatations, a phenomenon referred to as vaso- 
motion. There was no margination of polymorphonuclear 
leukocytes in arterioles. Venules were classified as such 
segments of the microvascular bed, based on a less rapid 
blood flow, compared to the arterioles, and on the fact 
that the leukocytes were often marginated in these ves- 
sels. The margination was observed as round or drop- 
shap: " highly refractile objects sliding and rolling along 
the vehular margins, 
lost capillary sprouts contained occasional erythrocytes 



and platelets which were observed to gain access to the 
narrow lumen near the base of origin of the sprout. 
These formed elements of the blood were suspended in 
plasma columns, and oscillating pulsations were observed 
in the sprout lumen in synchronization with the heart 
beats. The tips of the sprouts were very delicate, averag- 
ing 2 um in diameter (Fig. 12), or they were quite blunt 
and as wide as the base of the sprout, averaging 6 u,m 
(Fig. 24). The pointed tips usually did not contain a lu- 
men. They were extremely thin and blended with the sur- 
rounding collagenous and elastic fibers. In fact, it was 
often impossible to tell the difference between an elastic 
fiber and the extended, delicate tip of a capillary sprout 
(Fig. 12). In the sprouts with a blunt leading end, a lu- 
men was present also near the bulbous end. Other 
sprouts were extremely short, shaped as a spur, and were 
often discovered only after fixation and embedding of the 
mesenteric membrane (Figs. 3 and 4). However, once 
found in the whole-mounted preparation under the light 
microscope, they could also be detected in the video 
play-back of that particular region of the mesenteric mi- 
crovascular bed. Sprouts were found which formed short 
loops, probably heading toward a merger with other 
sprouts and capillaries, thus establishing an anastomosis 
(Fig. 50). In these loops, erythrocytes and platelets could 
be present. 

The variation in sprout lengths and topographic relation- 
ship to other perivascular elements of the mesenteric 
membrane obviously reflected stages of sprouting and 
capillary growth, which were further explored by light 
and electron microscope analyses. 



Perivascular elements 

Pericytes were identified as periendothelial cells, closely 
associated with capillaries and capillary sprouts (Fig. 12). 
Their nuclei were highly heterochromatic, and thus easily 
observed in the living preparation, emerging as small 
bumps on the connective tissue aspect of the capillary 
sprouts. 

Mast cells were frequently found in close association with 
the leading tips of capillary sprouts (Fig. 41). They varied 
in shape, some oval or oblong but the majority were 
round. As a rule, the degranulated mast cells were not as 
easily detected as those which had not undergone degran- 
ulation. 

Fibroblasts and macrophages were present in the connec- 
tive tissue space of the mesenteric membrane. However, 
these cells were generally not easily detected in the in- 
travital microscope but emerged after fixation and em- 
bedding, and their location could then be pinpointed in 
video play-backs. 
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LIGHT AND ELECTRON MICROSCOPE OBSERVATIONS 

There was a positive identification of each microvascular 
segment analyzed in the light and the electron micro- 
scopes, since the entire mesenteric window, recorded on 
video, was subsequently studied in the whole-mounted 
Epon embedded preparation, photographed and com- 
p-i: vith the intravital video recording. Selected seg- 
ments of the microvessels were isolated and sectioned se- 
riallv, either parallel to or at right angle to the longitudi- 
nal axis of the vessel. It was, therefore, easy to analyze a 
specific arteriolar-venular loop or a capillary sprout by 
step-wise increasing the magnification from the light mi- 
croscope level to low, medium and high magnifications in 
the electron microscope (Figs. 1 to 6). 
The • '^oe, width and length of the capillary sprouts ana- 
Ivzw ^ried from the smallest and most narrow exten- 
sions in the endothelial cells of the arteriolar-venular 
loops to very long and slender sprouts extending for dis- 
tances of up to 1000 u,m. The description below follows 
an assumed path of development and growth of the capil- 
lary sprouts. It is recognized that the video recordings of 
the sprouts did not last for more than two hours at the 



most and that a recording of actual growth did not take 
place. This will be further reviewed in the discussion of 
our findings. The description deals with the following, 
carefully chosen stages of an assumed sprout develop- 
mental pattern: endothelial spurs, short sprouts, long 
sprouts, and vascular anastomoses. 

Endothelial spurs 

The first indications of spur formation were small cyto- 
plasmic pseudopodic extensions of the endothelial cells 
which penetrated the basal lamina of the vascular seg- 
ment from which they emerged (Fig. 9). The endothelial 
pseudopodia could be short and narrow as well as long 
and bulbous. They contained a slightly flocculent but 
otherwise structureless cytoplasm devoid of cell orga- 
nelles, except a small number of ribosomes and several 
layers of delicate membranes, assumed to represent 
smooth endoplasmic reticulum (Fig. 8). At the time the 
extensions took on the shape of a spur (Fig. 5), they 
might contain mitochondria and profiles of rough endo- 
plasmic reticulum. Even the nucleus of the endothelial 
cell of their origin was seen to slide into the spur (Fig. 9). 



Hgure 1 Tracing of an intravital video recording of a rat mesentery microvascular bed supplied by one 30 urn arteriole and drained by two 
venules. The arteriole gives rise to arteriolar (red)-venular (blue) arcades from which emanate several capillary sprouts (dotted yellow-green): All 
blue microvascular segments showed leukocyte margination, the red segments none. Arrows indicate blood flow direction. Figs. 2 to 6 form a 
continuation enlargement of a selected part of this tracing (green rectangle), identifying the origin and structure of an endothelial spur. 

Figure 2 Microvessels present within green rectangle in Fig. 1 seen in a light micrograph of a fixed and Epon embedded whole-mount before 
sectioni nil. Two long capillary sprouts (1) take their origins at points where the arterial-venous arcades (2) make sharp angular turns. X 100. 1 mm 

ugly... ; Enlargement of rectangle in Fig. 2 in a whole-mount preparation showing a small endothelial spur (1) protruding from an arterial feeder 
j-> ot an arcade. The spur was first observed after fixation and embedding and was barelv seen in video plav-backs of this region. Arrows indicate 
filood flow direction. X 400. 1 mm = 2.5 urn. 

figure 4 Electron micrograph of arterial feeder with the endothelial spur (1) seen in Fig. 3. The microvessel has the structural characteristics of a 
capillary with thin endothelial cytoplasm (2), and an occasional pericyte (3). A fibroblast (4) and a macrophage (5) are close to the microvessel, and 
two erythrocytes (6) remain in its lumen. Arrow indicates blood flow direction, x 2,700. 1 mm = 0.37 urn. 

Figure 5 Enlargement of endothelial spur seen in Fig. 4. The plane of sectioning is slightly off center of spur, confirmed by serial sections. The 
spur consists of filamentous (1) as well as bulbous (2) endothelial extensions, denuded of basal lamina. A highly vesicular Golgi area (3) is seen. A 
&ma " ' um ^n (4) represents an out-pocketing from the arterial capillary lumen (5). An endothelial extension (6) is engulfed bv the perievte (7). The 
connective tissue interstitium shows delicate collagenous fibrils (8). x 12,000. 1 mm = 0.078 u,m - 78 nm. 

m°\ Central section of the endothelial spur seen in Fig. 5. This consists of a single solid but slender endothelial extension with a leading tip 

J- lu vy.oplasm displays profiles of rough endoplasmic reticulum (2), mitochondria (3), and 7.5 nm filaments (not resolved at this magnification), 
oigi vacuoles (4) are seen near the spur lumen (5) with a platelet (6). Note the change in orientation of collagenous fibrils (7) compared to Fig. 5. 

* 11,200. 1 mm = 0.089 urn = 89 nm. 
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Often, the spurs contained a highly vesicular Golgi re- 
gion. In addition, nests of highly electron-dense whirls of 
smooth membranes were present, a cytoplasmic structure 
reminiscent of so-called myelin figures. Once the exten- 
sions took on the shape of an endothelial spur, a thin 
basal lamina was present on the connective tissue aspect 
0 f t! *ur. In the adjacent connective tissue, several cells 
were usually present. They were mast cells, macrophages 
and fibroblasts (Fig. 4). Of these cells, the fibroblast was 
always found in very close association with the endothe- 
lial spur, often enclosing one or several of the endothelial 
extensions. The topographic relationships between the fi- 
broblasts and the extensions of the endothelial cells could 
take manv shapes but usually represented a peg-and-socket 
arrangement without special junctional arrangements be- 
iwet .posing cell membranes (Fig. 8). Since these fi- 
broblasts often displayed an incomplete basal lamina, 
thev could be considered pericytes. This is further ex- 

0 

plored below in relation to transformation of fibroblasts 
into pericytes. 

Short sprouts 

Th</ ' ere short projections from an arteriolar-venular 
loo, jnd obviously varied in length (Fig. 7). The main 
difference between an endothelial spur and a short sprout 
is the fact that the spur is usually formed by cytoplasmic 



extensions from only one endothelial cell, whereas the 
short sprouts showed the participation of several endo- 
thelial cells, surrounding a small but distinct lumen. The 
nucleus of each participating endothelial cell became 
elongated and flattened as the endothelial spur was trans- 
formed into a short sprout. Infrequently, mitotic figures 
were recorded in the short sprouts. However, in most 
sprouts studied, it was the elongated (Fig. 26) or irreg- 
ularly shaped (Fig. 45) endothelial nucleus which dom- 
inated the picture. The thin endothelial cytoplasm con- 
tained centrioles, ribosomes, and many profiles of rough 
endoplasmic reticulum. The leading end of the short 
sprouts varied in its configuration, probably depending 
on the speed of the migration of the endothelial cells. 
The end could be blunt (Fig. 41), or it could be frayed 
(Fig. 55). Sprouts with frayed ends displayed elongations 
of the endothelial cytoplasm and discontinuities whereby 
the sprout lumen was in direct continuity with the extra- 
cellular matrix of the connective tissue compartment, 
demonstrated by serial sections (Figs. 54 and 55). In such 
instances, platelets and erythrocytes had escaped from the 
sprout lumen, and there was fibrin deposition. In fact, 
there often seemed to be a matrix space or channel pre- 
sent into which blood elements and plasma escaped, and 
where the fibrin, was precipitated. These 'channels' were 
at times delineated by a thin basal lamina, marking the 
border toward the connective tissue matrix (Fig. 55). 



•'KJtui: 7 Electron micrograph of a short capillary sprout (marked M' in Fig. 11), analyzed in its entirety in a long series of thin sections. It is 
made up of two endothelial cells, the nucleus (1) of one seen in this selected section at mid-level of the sprout. The sprout lumen (2) near the 
sprout base contains erythrocytes (3), and is connected with the lumen (-1) at the sprout leading end, containing fibrinoid (5) and platelets (6). The 
endothelial cytoplasm is thin and shows one discontinuity (7) at this level. One bulbous endothelial extension (8) forms the leading tip and another 
extension (9) is engulfed by a nearby fibroblast (10). A fibroblast/pericyte (11) is seen near the sprout base. X 5.600. 1 mm = 0.18 urn. 

i ,f *k'RF. S Enlargement of fibroblast in Fig. 7. The fibroblast cytoplasm (1), rich in rough endoplasmic reticulum (2), completely surrounds one 
ft! u" S extens ' on of the capillary sprout. The overall cytoplasmic density of the endothelial extensions is greater than that of the surrounding 
ibrobiast due to a greater density ot monoribosomes. Delicate intracellular membranes (4) probably represent smooth endoplasmic reticulum. A 
mitochondrium is present (5). There are no junctional specializations between fibroblast and endothelial cell membranes seen in this section. 
x 35.700. 1 mm = 0.028 um = 28 nm. 

Ficuk .-:,aron micrograph of the initial appearance of endothelial extensions in an arterial feeder of a capillary loop (1). Bulbous endothelial 
projection \ 2, with a structureless, fluffy cytoplasm pierce the basal lamina and continue to penetrate the interstitial connective tissue (3). At some point, 
c nucleus (4) of the parent endothelial cell enters the bulbous projection in a motion reminiscent of the extravasation of a polymorphonuclear 
uj oevte. Myelin figures (5) are present in the projection. Segment of a pericyte (6) and collagen fibers (7) are seen. Arrow indicates direction of blood 
v. this is a section selected from a long sequence of serial sections of this microvascular segment, x 19,000. 1 mm = 0.053 um = 53 nm. 
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One or several fibroblasts were always situated near the 
short sprouts (Fig. 25). Some surrounded the base of the 
sprout, assuming the shape and location of pericytes. 
Others were near the leading tip of the sprout. In either 
case, there were cellular contacts between the endothelial 
cell and the fibroblast in the typical peg-and-socket ar- 
rangement (Fig. 31). 

Long sprouts 

The continuous growth of capillary sprouts is known to 
occur through mitotic divisions of endothelial cells with 
subsequent migration of the endothelial cells and length- 
ening of the sprout. Our structural analysis of the present 
material identified two types of long capillary sprouts: 
those with long pointed, delicate tips, and those with 
blunt leading ends. As will be discussed later in this com- 
munication, it is assumed that the two types represent 
different stages of capillary growth, but they will be de- 
scribed separately. 

Long pointed sprouts - The leading end of this type of 



capillary sprout usually consisted of an extremely lo. ■ 
and delicate extension of a single endothelial cell, with a 
slightly club-shaped tip provided with many microspikes, 
filopodia and bulbous excrescencies (Fig. 14). As a rule, 
the leading tip and its cytoplasmic processes were bare 
and not covered by a basal lamina. However, just proxi- 
mally to the leading tip, a basal lamina invariably enve- 
loped the narrow endothelial sprout. The cytoplasm of 
the leading sprout tip was characterized by a small num- 
ber of ribosomes, mitochondria and small cytoplasm i. : 
vesicles, the latter averaging 700 A in diameter. There 
were also numerous filaments averaging 75 A in diameter 
and some microtubules averaging 250 A in diameter 
(Figs. 18 and 21). The bulbous excrescencies were gener- 
ally structureless, except for a flocculent cytoplasmic 
ground substance and a few ribosomes. They were similar 
in structure to those seen as initial signs of the capilk 
sprouting, described above under 'endothelial spurs'. Ti 
narrow microspikes contained only very delicate filaments, 
averaging less than 50 A in diameter. 
The mid-portion of the long capillary sprouts usually 
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consisted of a single long and narrow extension of a sin- 
ale endothelial cell, but the extension of a second endo- 
thelial cell was also encountered at this level. This was 
demonstrated positively by serial sections parallel to the 
long axis of the sprout (Figs. 13 and 15), as well as by 
serial sections of sprouts perpendicular to their long axes 
an d taken at various levels of the long pointed sprouts ■ 
(P ■) and 20). The cytoplasm of these extensions con- 
tained numerous 250 A microtubules, bundles of 75 A 
filaments, many 700 A vesicles, ribosomes and polysomes 
as well as short profiles of rough endoplasmic reticulum, 
mitochondria, multivesicular bodies, and occasional sec- 
ondary lysosomes (Fig. 17). The Golgi area was populat- 
ed mostly by vesicular components, some small and some 
larse (Fig. 16). From the centrally located centrioles 
eir • :1 250 A microtubules which continued distally in 
tlv. .vout (Fig. 16). The nuclei of the endothelial cells 
which formed the capillary sprout were elongated with a 
slightly uneven surface (Fig. 15). They averaged 25 |im in 
length, and their cross-sectioned profile was oval or half- 
moon-shaped with a maximum diameter of 5 \im and a 
minimum diameter of 0.5 urn (Fig. 20). Mitotic figures 
were not recorded in the endothelial cells at this level of 
the sprouts in the present investigative material. 
T roximal part of the long capillary sprouts invariably 
displayed a primitive lumen, and there were more than 
two endothelial cells present (Figs. 13, 15 and 20). The 
lumen of the sprout first appeared as a slit-like separation 



of two endothelial cell extensions, held together by poor- 
ly differentiated junctional areas of opposing cell mem- 
branes with adjacent cytoplasm occupied by bundles of 
densely packed microfilaments (Figs. 20 and 21). More 
proximally, the lumen became wider and one encoun- 
tered platelets and occasional erythrocytes, as well as chy- 
lomicra and the flocculent, finely granular ('fluffy') mate- 
rial which is typical for fixed and electron stained blood 
plasma. There were no other elements present in this 
primitive lumen, except in rare cases (Fig. 53), fibrin or. 
fibrinoid (Movat and More, 1957) sometimes in crystal- 
line form (Huttner et al y 1968). Polymorphonuclear leu- 
kocytes and lymphocytes were not seen in capillary 
sprouts. The cytoplasm of the endothelial cells which 
made up the lining of the proximal part of the long capil- 
lary sprouts had all the characteristics typical of mature 
endothelial cells of connective tissue capillaries. Occa- 
sionally, mitotic figures were recorded in the endothelial 
cells located in the proximal part of the long sprouts. 

Long blunt sprouts - The leading end of this type of cap- 
illary sprout was quite blunt, surrounded by several fibro- 
blasts in close apposition (Figs. 24 to 26). Its width was 
equal to that of the rest of the sprout, averaging 6 |.im. 
Another characteristic feature was the sprout lumen, 
which was wide open throughout the sprout from its ori- 
gin all the way to the distal end, and often contained a 
single row of closely packed erythrocytes alternating with 



Figure 15 Enlargement of the leading end of the long pointed capillary sprout seen in Fig. 13 in yet another serial section. It - formed by a solid 
cytoplasmic process (1) from one elongated, bipolar, endothelial cell with its nucleus (2). A narrow process ol a second endothelial cell approaches 
from behind, seen in cross section in Fig. 20. The line x-x marks the level of that cross section. A sprout lumen (3) develops gradually when local 
separations of apposing endothelial cells merge. A neighboring fibroblast (4) approaches the sprout and settles down on the sprout surtace, in the 
process being transformed into a pericyte (5). X 2,900. 1 mm = 0.34 urn. 

Figure 16 Enlargement of the rectangle A in Fig. 15, analyzed in another serial section It shows details of the centriolar and Golgi re g^ns of an 
endothelial cell during the process of extension and migration of a capillary sprout. Microtubules (1) extend from the centriole (2). I he Golgi 
region (3) contains a large number of vesicular components, some large (4) and many small (5), some of which are of the coated variety lhe 
peripheral regions of this area of the endothelial process display 7.5 nm filaments (6), ribosomes (7) rough endoplasmic reticulum (8) and 
plasmalemmal vesicles (9) most of which are detached from the cell membrane, x 45,000. 1 mm - 0.022 urn = 22 nm = 220 A. 

F. .>e 17 Enlargement of rectangle B in Fig. 15, analyzed in the same serial section as Fig 16. In this particular region of the bipolar 
ceu. irce ribosomes (1) and small profiles of rough endoplasmic reticulum (2) are present throughout the endothelial process. It can be assumed 
that mitochondria (3), vesicles (4) and occasional lvsosomes (5) track along the delicate bundles of 7.5 nm filaments (6) I and microtubules (not seen 
in this micrograph) in a process of cytoplasmic streaming during capillary sprout migration. X 35,000. 1 mm = 0.029 urn = 29 nm - A. 
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long columns of loosely packed platelets. Fibrinoid was 
also present in limited amounts. At least two endothelial 
cells participated in the formation of the blunt leading 
end. Their large and irregularly shaped nuclei were sit- 
uated near the leading ends of the cells (Fig. 28). 
The endothelial cytoplasm of the blunt ends contained a 
very large number of closely packed and irregularly ar- 
ranged 15 A filaments, numerous ribosomes and a few, 
very small mitochondria. Junctional areas of adjacent en- 
dothelial cells were poorly differentiated. The most distal 
end .of the endothelial cells often displayed small bulbous 
cytoplasmic extensions which penetrated the delicate bas- 
al lamina of the leading blunt tip (Fig. 27). These exten- 
sions contained only ribosomes. They also made contact 
with neighboring fibroblasts in a peg-and-socket arrange- 
ment (Fig. 31). It is believed that the long blunt sprouts 
represented a slow phase of capillary growth during 
which the endothelial cells prepared for a more rapid 
phase of endothelial migration, and perhaps mitosis, 
which resulted in the long pointed sprouts. This theory 
will be further elaborated in the discussion. 



Pericytes 



By definition, pericytes are highly branched perivascular 
cells which are closely associated with capillaries and 
postcapillary venules. They are attached to the connective 
tissue aspect of the endothelial cells, and their branched 
cytoplasm surrounds the microvessel. In association with 
capillaries, they occur singly at certain intervals. Posu* 
pillary venules usually have a higher number of pericyte; . 
which may form a complete layer of cells in venules of 
larger caliber. A pericyte must be surrounded by a basal 
lamina in order to qualify as such. Ordinarily, there are 
several junctional areas between pericytes and endothelial 
cells, some classified as tight junctions, others as gap 
junctions (Tilton et al., 1979; Sims, 1986). 
Cells which fit this description were present regularly n 
association with most sprouts examined in this investi^- 
tion "(Figs. 15 and 33). They were less often observed to 
be associated with endothelial spurs and short sprouts. 
However, they were, as a rule, present in association with 



Figure 18 Detail of the longitudinally sectioned distal, single extension of the bipolar endothelial cell seen in Fig. 14. This part is just behind the 
leading tip of the extension. Its cytoplasm contains mitochondria (1), small cytoplasmic vesicles (2), ribosomes (3) and many 7.5 nm hlaments iAl It 
is enveloped bv a delicate basal lamina (5) and reticular filaments (6). A short filopodium (7) projects laterally. It is not covered by a basal iamma 
and its cytoplasm is slightly denser than the parent endothelial extension, x 45,000. 1 mm = 0.022 urn - 22 nm - 220 A. 

Figure 19 Cross section of the distal, single extension of a bipolar endothelial cell at approximately the same level seen in Fig. 18. The endo- 
thelial extension contains a few ribosomes (1), one mitochondrium (2), two vacuoles (3) small cytoplasmic vesicles (4) and microtubules (ar- 
rowheads). Short filopodia (6) project laterally across the delicate basal lamina (7). An elastic fiber (8), elastic microhlaments (9) and collagen hbril- 
(10) establish a scaffold for the migration of the endothelial extension. Cytoplasmic extensions (11) of approaching fibroblasts are also present. Ihi- 
is a cross section of the capillary sprout marked 'A' in Fig. 10. The leading tip was identified in video play-backs jmd bv light microscopy after 
fixation and embedding before serial sectioning for electron microscopy, x 45,000. 1 mm = 0.022 urn - 22 nm - 220 A. 

Figure 20 Cross section of a long pointed capillary sprout at approximately the level indicated by a line x-x in Fig. 15. Two endothelial 
extensions are present. The leading extension is sectioned at the level of the endothelial nucleus (1), the trailing extension (2) is smaller. 1 he 
intercellular space is opened up slightly, the beginning of a sprout lumen (3) containing flocculent and fibrinoid material (4). Primitive cell junctions 
occur peripherals (5). The capillary sprout tracks along an elastic fiber (6). This is a cross section of the capillary sprout marked 'B in Fig. 10. 1 he 
leading tip was identified in video play-backs and by light microscopy after fixation and embedding before serial sectioning for electron microscopy. 
The level of this cross section is about 50 urn proximally from the leading tip. X 33,000. 1 mm = 0.03 \im - 30 nm. 

Figure 21 Enlargement of an area corresponding to the rectangle in Fig. 20 in a serial section close to the one in Fig. 20. The sprout lumen (1) 
arises through a gradual dilatation of the space between the two endothelial cells, but lateral regions remain in close apposition, displaying the 
appearance of primitive cell junctions (2) with adjacent dense . cytoplasm containing delicate microfilaments. Other regions of the endothelial 
cytoplasm contain ribosomes (3), cytoplasmic vesicles (4), vacuoles (5), 7.5 nm filaments (6), microtubules (arrowheads), and mitochondria (/). rhc 
basal lamina (8) is delicate next to the endothelial cells but does not envelop the narrow extension of an adjacent fibroblast, x 47,000. 1 mm - 
0.021 urn = 21 nm = 210 A. 
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...^ sprouts, and then located either at mid-level or near 
the proximal base of a sprout. The nucleus usually had 
an irregular surface. The cytoplasm was more electron- 
dense than adjacent endothelial cell cytoplasm. There 
were many intermediate filaments and microtubules pre- 
sent, among a small number of mitochondria and profiles 
of rough endoplasmic reticulum. The Golgi area was ex- 
tremely small, and only occasionally were there lysosomes 
t. Cytoplasmic vesicles were sparse. 

Connective tissue elements associated with sprouts 

Fibers - All capillary sprouts and their leading ends were 
surrounded by bundles of delicate collagenous fibrils as 
well as the filamentous components of elastic fibers, av- 
eraging 100 A in diameter (Figs. 19 and 20). There was 
c ' ■* a large elastic fiber, consisting of the amorphous 
c. : : iponent and the associated delicate filaments which 
formed a scaffold or supporting framework along which 
the migration of the capillary sprout apparently took 
place. 

Fibroblasts - Although not easily observed in the intra- 
vital microscope, there were numerous fibroblasts present 
in the connective tissue compartment of the mesenteric 
r rnbrane, some in close proximity to the sprouts (Fig. 15). 
'.: ■:<: fibroblasts were usually very flat cells with many cy- 



toplasmic extensions. Their cytoplasm contained many 
profiles of rough endoplasmic reticulum, free ribosomes, 
mitochondria, a large Golgi area, centrioles, some lyso- 
somes, and many microtubules and intermediate filaments. 
The cell membrane and the cytoplasm near the cell sur- 
face were provided with numerous vesicles, most of 
which were of the non-coated variety. The fibroblasts did 
not display a basal lamina on the cytoplasmic aspect of 
their cell membrane. The fibroblasts contained only one 
nucleus which usually was round. In the present material, 
fibroblasts were often seen to undergo cell division. 

Mast cells - Many mast cells were present near capillary 
sprouts, although they were never seen in direct contact 
with endothelial cells (Figs. 41 and 51). As indicated by 
the intravital observations, the mast cells were particularly 
numerous near the leading tip of the long pointed capil- 
lary sprouts. Sometimes the mast cells were in the stage 
of degranulation, but in the majority of the cases they 
were not. 

Macrophages - In similarity with fibroblasts, macrophages 
were difficult to identify with certainty in the intravital 
microscope. Based on light and electron microscope anal- 
yses of sectioned specimens, they were often located near, 
the leading tip of capillary sprouts (Fig. 4). Occasionally, 
the macrophages had established membranous contacts 
with endothelial cells and pericytes. 



Figure 22 Upper right area of the traced microvascular bed seen in Fig. 10, showing several capillary sprouts (dotted yellow-green) as well as 
arterioles (red) and venules (blue). There is no fixed pattern as to where sprouts emerge. Most often they will arise from arterial -venous loops (1) or 
venous capillaries (2) and less often from arterial capillaries (3). 

Figure 23 Microvessels present within green rectangle in Fig. 22 seen in a light micrograph of a fixed and Epon embedded whole-mount before 
sectioning. The main capillary sprout (1) comes off a venous capillary and soon gives rise to two other sprouts, one of which (2) is of the long 
pointed variety (similar to sprout in Fig. 12), the other (3) is of the long blunt variety, x 148. 1 mm = 6.8 urn. 

Figure 24 Enlargement of the long blunt sprout in Fig. 23 migrating through the loose network of collagenous and elastic fibers. Ervthrocytes (1) 
are present in the narrow lumen of the sprout almost up to the distal leading blunt end of the sprout (2). Mast cells (3) are readilv recognized, 
w l --veas fibroblasts (4) and perivascular cells (5) require electron microscopy for positive identification; X 234. 1 mm - 4.3 (.im. 

1 i<E 25 Electron micrograph of the distal leading end of the long blunt sprout in Fig. 24. The tip (1) seems solid with an elongated endothelial 
nucleus (2) close by and a second endothelial nucleus (3) more proximally. An erythrocyte 'rouleaux' fills the distal part of the sprout lumen (4), 
trailed by densely packed platelets (5). Perivascular cells (6) are fibroblasts on the verge of settling down on the sprout, in the process transforming 
into pericytes, x 1,780. 1 mm = 0.56 u.m. 

Figure 26 Enlargement of the leading end of the sprout in Fig. 25. This is a different serial section from the one in Fig. 25, demonstrating that 
the sprout tip is not solid but contains a lumen all the way. At least two endothelial cells make up the sprout tip, judged by the two nuclei (1) and 
one junctional area (2). There are several small and bulbous filopodia extending from the leading endothelial surfaces. The lumen contains 
erythrocytes (3), a platelet (4) and small balls which are assumed to represent fibrinoid (5) material. The fibroblast (6) is subjected to further 
analysis in Figs. 28 and 31. x 5,300. 1 mm = 0.19 ^im. 

Figure 27 Detail of the tip of the long blunt sprout in Fig. 26 from yet a different serial section of this area. The two participating endothelial 
C' :;s show a junctional region (arrowheads) which has focal densities, perhaps reflecting a transient relationship. The sprout lumen (1) contains 
\\ noid material. The cytoplasm of the left endothelial cell is extremely rich in ribosomes (2), whereas the right cell cvtoplasm is rich in filaments 
(3.. The most distal endothelial surface shows several small Filopodia (4) and is devoid of a basal lamina, x 16,000. l' mm = 0.063 = 63 nm. 
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Transformation of fibroblasts to pericytes 

Although the origin of pericytes, as well as their function, 
has not been clearly and unequivocally determined, sever- 
al investigations indicate that its precursor cell is the fi- 
broblast, and that one of the main functions very likely is 
its role as a precursor to smooth muscle cells. During this 
; -:tion. certain observations were made which seem 
to indicate that fibroblasts have, indeed, transformed into 
pericytes. 

Fibroblasts were always present near the sprouts exam- 
ined in our material (Figs. 7, 15 and 28). Mesenteric fi- 
broblasts in general resembled fried eggs. They had a flat 
cytoplasm and a round nucleus. Many fibroblasts near 
the short as well as the long sprouts, were seen to under- 
go fibrosis an d were found in close association with the 
;.. . „ig endothelial cells of the leading tip of the 
sprout, surrounding the growing capillary with their flat 
cytoplasm, and their nucleus becoming more elongated. 
Small cytoplasmic extensions from both the endothelial 
cells and the fibroblasts established membranous contacts. 



with apposing cells, at times with a peg-and-socket ar- 
rangement (Fig. 31), at other times achieving more exten- 
sive areas of contact (Fig. 30). In either case, the basal 
lamina of the endothelial sprout would not be present 
between adjacent cell membranes. In several cases, it was 
established through serial sections that one or several 
cytoplasmic extensions of the fibroblasts had settled 
down on the surface of the endothelial cell and had be- 
come covered by the same basal lamina that covered the 
endothelial cell (Fig. 30). A cord-like continuity between 
the cytoplasm of the fibroblast and its broad cytoplasmic 
extension on the surface of the endothelial cell was not 
surrounded by a basal lamina (Fig. 32). By definition fi- 
broblasts do not have a basal lamina. During the trans- 
formation process, the fibroblast became separated from 
the connective tissue milieu by the same basal lamina that 
envelopes the endothelial cells of the sprout, as evi- 
denced by the illustration in Fig. 32, where the major 
'free' part of the fibroblast was not covered by a basal 
lamina. It can be assumed that we fortuitously captured a 
moment during which a fibroblast was becoming incor- 



Figure 28 Enlargement of the leading end of the long blunt sprout seen in Fig. 25. The nucleus (1) of one of the leading endothelial cells is 
typically large and elongated, perhaps reflecting a state of DNA replication, making the cell polyploid. The perivascular cell (2) is a fibroblast. It is 
not enveloped by a basal lamina, and it has a more extensive rough endoplasmic reticulum (3) than is present in a pericyte. Several small 
endothelial extensions (4) make contact with the fibroblast, x 4,900. 1 mm - 0.20 (.im. 

? ! vr 29 Topography of the leading end of the long pointed sprout seen in Fig. 15. A fibroblast (1) has approached the leading extension (2) of 
<\ir endothelial cell (3), wrapping its cytoplasm around the extension (4). The cell to the left is a pericyte (5), since its enveloping basal 
!; can be resolved at higher magnifications. X 3,900. 1 mm = 0.26 \\m. 

Figure 30 Enlarged detail of the relationship between the fibroblast and the endothelial extension in Fig. 29. This is one of several serial sections 
of this area. At this level of sectioning, there appears a cord-like attenuation of the fibroblast cytoplasm (1) which is continuous with a flat and 
dense cytoplasmic wrapping (2) around the endothelial extension (3) with a less dense cytoplasm. The endothelial extension shows nodal fil- 
amentous (4) and bulbous (5) micropodia. x 12,000. 1 mm = O.0S3 |.im. 

Figure 31 Enlargement of rectangular area in Fig. 28, showing the peg-and-socket relationship between an endothelial cell and a perivascular 
fibroblast. Both cells have a rich supply of free ribosomes (1) and profiles of rough endoplasmic reticulum (2). The area of cell membrane contact 
within the peg-and-socket does not show any junctional specialization, although the peg-and-socket structure was analyzed in its entirety in serial 
section. A faint basal lamina (3) is resolved in some areas, but is absent in relation to the fibroblast cell membrane (arrowheads) and also between 
cells. X 41,000. 1 mm = 0.024 Mm = 24 nm = 240 A. 

F ; ■'. 32 Enlargement of rectangular area in Fig. 30, demonstrating the cord-like continuity (1) between the cytoplasm of the fibroblast (2) and 
v » is rightly referred to as the pericyte (3). Note the presence of a basal lamina (4) at the surface of the pericytic cytoplasm, and the absence of 
this structure (arrowheads) in relation to the cord and the fibroblast. The high cytoplasmic density of the pericyte wrapping (5) is mostly due to 
numerous intermediate filaments, x 45,000. 1 mm = 0.022 ^m = 22 nm = 220"A. 



Capillary growth in the mesentery of normal young rats 17 



porated within the wall of the sprout, and ultimately dif- 
ferentiated into a pericyte. 

Pericytes and their changing role when capillary sprouts are 
transformed into capillaries, arterioles and venules 

It has been suggested that pericytes serve as modulators 
of leakage from microvessels, particularly postcapillary 
venules (Sims, 1986). Thus, leaked proteins, tracer parti- 
cles, platelets and erythrocytes are trapped under peri- 
cytes or their basal laminae. In the present investigative 
material, it was observed intravitally that erythrocytes as 
well as marginated polymorphonuclear leukocytes would 
often be en route across the endothelial walls of capillary 
sprouts as well as postcapillary venules and venous drain- 
ers (Fig. 35). Subsequent analyses of such microvascular 
segments, as well as others, in sections for light and elec- 
tron microscopy, demonstrated that the delicate and frag- 
ile endothelial walls displayed cytoplasmic gaps, allowing 
the escape of plasma, platelets, erythrocytes and occasion- 
al leukocytes. Although such cytoplasmic gaps could be 
found anywhere along the sprouts and venous segments 
of the microvessels, the escaped plasma and formed ele- 
ments of the blood had often accumulated under peri- 
cytes and would not, as a rule, be found outside of the 
basal lamina of the pericytes. In fact, these accumulations 
pushed the pericytes away from the microvessel, render- 
ing the pericyte an umbrella-shape (Fig. 34). Images were 



obtained (Fig. 35) which mimicked so-called seam;-. ; 
capillaries with erythrocytes in the 'lumen' (Wolff, 196- ; 
Wolff and Bar, 1972). However, serial sections proved 
them to be pericytes with trapped erythrocytes. The sub- 
pericytic space also contained wispy or round profiles of 
fibrin deposits. The fate of the trapped items is still not 
clear, since there was no indication in our material that 
the pericytes did phagocytose the material. It is very like- 
ly that the formed elements of the blood disintegrate! 
extracellularly through a lytic process, since 'ghosts' w ( 
erythrocytes were frequently encountered in the subperi- 
cytic space. 

It has also been suggested that pericytes are precursors of 
smooth muscle cells (Meyrick et al., 1981). In our material, 
it was observed that the perivascular cells of the arteriolar 
feeder of the arteriolar-venular loop (Fig. 36) were similar 
to the so-called intermediate cells which we described 
earlier (Rhodin, 1968). These cells had characterises 
which made them look more like smooth muscle ceils 
(Fig. 37) than pericytes, since they were situated more 
around the vessel with long, slender (Fig. 38) regularly 
spaced, cytoplasmic branches (Fig. 39) circling the vessel 
at right angle to its long axis. Cytoplasmic processes of 
pericytes were irregularly spaced and ran in many direc- 
tions, many times parallel to the long axis. The cytoplasm 
of pericytic processes contained a mixture of intermedia e 
filaments, microtubules and ribosomes, whereas the inter- 
mediate cell processes had a dense cytoplasm with many 



Figure 33 Enlargement of a pericyte associated with the capillary sprout area seen in rectangle in Fig. 13. Typically, pericytes have a pronounced 
heterochromatic nucleus (1) with several nucleoli (2), which makes them easy to detect already intravitally. The cytoplasm has a smaller supp > o 
ribosomes (3) and rough endoplasmic reticulum (4) than a fibroblast, and the overall higher cytoplasmic density is caused mostly b> a ar 
number of intermediate filaments, but the Golgi area (5) is smaller, and there are fewer plasma lemmal vesicles. The pericyte has a basal am... 
which is sometimes fused with the endothelial basal lamina (6). The sprout endothelium (7) is less dense than that of the pericyte. There is »o 
blood flow in the lumen (8) of capillary sprouts but oscillating pulsations (bidirectional arrow) of the plasma column in synchronization with the 
heart beats, x 18,400. 1 mm = 0.054 urn. 

Figure 34 A pericvte associated with the proximal part of a long capillary sprout. It has assumed an umbrella-shape during the process . of 
holding back flocculent plasma (1) which leaked out through detached endothelial cell junctions (not shown) of the fragile capd a > sprout 
Fibrinoid material (2) is also held back and prevented from escaping into the perivascular interstitium (3). An endothelial nucleus (4) s seen as 
well as a platelet in the lumen (5) of the sprout which showed oscillating pulsations of the plasma column intravitally (bidirectional anou). ine 
precise location of this pericyte is seen in the upper right corner of Fig. 36, rectangle marked A . x 9,800. 1 mm - 0.01 urn 
Figure 35 A pericyte with a highly compressed nucleus (1) associated with the arterial capillary marked 'A' in Fig. 48. This particular ^aipillarv 
showed a pronounced extravasation of erythrocytes, and associated pericytes had engulfed one or several erythrocytes (2) in a Process rem ru cent o 
the action of phagocytes. However, actual phagocytosis did not take place, since the pericytes lacked vsosomes. The erythrocytes disa ppea iou 
some kind of lvsis, since red cell ghosts are frequently found. This pericyte mimics a 'seamless capillar)' at some leve of the more than 100 se 
sections of this area, but the same technical procedures did confirm its true nature of being a pericyte. Endothelial cytoplasm (3) and xascular 
lumen (4). Arrow indicates direction of blood flow. X 13,600. 1 mm = 0.074 urn. 
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intermediate filaments and only few microtubules and ri- 
bosomes. 

Vascular anastomosis 

Earlier investigations contributed very little to answering 
the questions of how capillary sprouts find other sprouts 
:ipillaries, and what cell components participate in 
....... merger. This investigation did not solve the problem 

bat certain findings seemed relevant to the issue. It must 
be emphasized that the present observations were based 
on light and electron microscope analyses of static images. 
Therefore, it was difficult to ascertain whether a vascular 
sprout was moving toward or retracting from a certain 
microvascular segment. 

T>- o ureas of assumed potential merger were investigated 
ill sections. One dealt with a sprout with a blunt 
leading tip situated within 1 urn from the venular leg of 
an arteriolar-venular loop (Fig. 41). It was assumed that 
the blunt end was in the process of achieving contact 
with the loop rather than retracting from it, since there 
were no signs of cellular breakdown, such as nuclear pyk- 
nosis or lysis of organelles in the endothelial cells of the 
sprout tip. The entire sprout displayed features very simi- 
! ■ -o those described above under long blunt sprouts'. 



Platelets and erythrocytes were not present in the lumen, 
which was somewhat wider at the distal, leading end with 
several- small bleb-like out-pocketings. The nuclei of the 
endothelial cells of the blunt leading end were large and 
irregularly shaped (Fig. 45). The cytoplasm displayed 
many slender, as well as bulbous extensions (Fig. 46), 
some of which were within 0.1 \xm distance from the en- 
dothelial cells of the adjacent arteriolar-venular loop, al- 
though none had established a membranous contact. A 
basal lamina was absent in the area of the blunt end. All 
extensions of the endothelial cells contained numerous 
microsomes and profiles of rough endoplasmic reticulum. 
The endothelial cells had large vesicular Golgi areas, 
prominent centrioles, and small nests of highly electron- 
dense whirls of smooth membranes, as well as numerous 
microtubules and intermediate filaments. The endothelial 
cells of the adjacent arteriolar-venular loop did not dis- 
play cytoplasmic projections toward the blunt end of the 
sprout (Fig. 41). Based on these observations, it was con- 
cluded that this particular sprout was still in an active 
but slow phase of growth, and it is very likely that the 
endothelial cell extensions would soon have made mem- 
branous contacts with the endothelial cells of the arterio- 
lar-venular loop. 

The second area of assumed merger dealt with two very 



rr?^f ( J nf tr0 w micro T sco P lc overview ot the arterial feeder of the arteriolar-venular loop, marked '2' in Fi a . 11. The overall width of the 
I". 1 T? er (1) 15 16 * lm - V - IS assLimed th ; u this arteriolar-venular loop started out as a capillarv loop and that its Component segments are in the 
• ■■ : » n. be.ng transformed into an arteriole and a venule of increasingly larger diameters. The proximal end of a long capillarv sprout (2) and the 
•■ oi another sprout (3) are seen Rectangle 'A' is enlarged in Fig. 34, rectangle 'B' in Fig. 37, and rectangle *C in Figs. 38 and 39. Single 

= ■_ ■ :. ....are direction ot blood How. Bidirectional arrow indicates oscillating movements of plasma column recorded in the sprout, x 865. 1 mm 
j-- urn. r 

en<Wi? 1 1 - Enla ^ me " t corresponding to area within rectangle TT in a different serial section demonstrates two intermediate cells (1), the thin 
muse will tJ 8 a T Cn f 3) ° f . ? vascu,ar se « ment - The intermediate cells show characteristics typical for perievtes, as well as smooth 
orien atinn i" " "* ? 1*" the L l >? lcal Pericyte seen in Fig. 33. They have a smaller amount of rough endoplasmic reticulum, and their 
^ ■uitation is more perpendicular to the long axis of the vessel. Arrow indicates How direction, x 16,000. 1 mm = 0.063 urn. 

ce^m^LMu'^T 11 ! 1 ° f '7 h L n reCta ; igl ° 'F in Fig ' 36 - The nucIeus {i) of this intermediate cell is more bulgv and the orientation of the 
and surmnnTi * j u r? ™n Z\ ^\ m ^ its appearance closer to that of a pericyte. Extensions of the intermediate cell (2) approach 
^ surround the endothelial cell (3) in the typical fashion of a smooth muscle cell. Arrow indicates blood flow, x 19,500. 1 mm = 0.051 urn = 51 

is Enlargement of the extended left region in Fig. 38. The structural appearance of the cytoplasm of the intermediate cell extensions (1) 

assocW ";;r-?UL numer ? us microfilaments and a paucity of cell organelles, except ribosomes (2). Plasmalemmal vesicles (arrowheads) are 
transform^ • <f te " slo » s as ^ « with the endothelial cell (3). It is assumed that the extensions of the intermediate cell are gradually 

uimcd into cytoplasmic processes typical tor a vascular smooth muscle cell. X 46,000. 1 mm = 0.022 urn = 22 nm = 220 A 
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short sprouts which originated from a long sprout and 
were arching back and did achieve a merger with their 
own microvascular segment of origin (Figs. 47 to 52). In 
the video playbacks, it was observed that there was a 
slow and oscillating stream of plasma and platelets mov- 
ing into the long sprout 'A' which grew out from the 
arteriolar-venular loop. At the very end of the fixation 
period, three erythrocytes moved into sprout 'A'. It was 
also observed that plasma was flowing into sprout 'B\ 
since occasional platelets found their way from sprout 'A' 
into sprout 'B\ With reference to sprout 'C, it was im- 
possible to ascertain the direction of plasma flow, if any, 
since no platelets were observed to move in or out of the 
sprout connection with the arteriolar-venular loop. The 
analysis of serial sections in the electron microscope 
(Figs. 53 to 55) revealed a discontinuous part of sprout 
'C whereby the lumen of the arteriolar-venular loop 
communicated with a connective tissue channel lined by 
a delicate basal lamina and pericytes, filled with plasma 



and some platelets, as well as several firmly lodged eryth- 
rocytes (Figs. 53 and 55). The red blood cells were also 
seen very clearly in the video playbacks of the loops (Fig. 
50). It was difficult to decide based on static images in 
serial sections, which part of sprout 'C was the leading 
end, and which was the point of origin. Based on the 
flow pattern in these microvessels there was a strong flow 
in the arteriolar-venular loop, and very likely, this stim- 
ulated the outgrowth of an endothelial spur from the 
loop. The blood pressure may then have caused the dis- 
continuity of the short sprout, leaking plasma and plate- 
lets into the interstitial 'channel'. Sprouts 'A', 'B' and 'C 
shared endothelial cells (Fig. 52), and it is very likely that 
sprout 'C therefore was an outgrowth from sprout 'A' 
moving toward the merger with the discontinuous endo- 
thelial spur from the arteriolar-venular loop. Based on 
these observations, it was concluded that an actual pro- 
cess of sprout merger may initially involve disruption of 
the fragile leading tip, with extravasation of plasma and 



Figure 40 Same microvascular area seen in Fig. 11 From the arterial fp^rW m ■ i i i ■ , . . 

(2) A shorter sprout (3) takes its origin from the venous d ainer (4 W ZiL t d hSJrfuS fe? TV Spt ° W 

analyzed in selected sections in Figs. 42 to 46 from a sequence JlO^uM^^Tm. 1 mm = 52^ 8 ° P ° f *" SPr ° Ut " 

FrcfmThe^ M» <°"g and 4-8 m wide. Its proximal partU) arises 

vascular anastomosis. Per vascula cells a "fib rob a t ; (5 ' Si ^ seekmg contact vnth the arterial feeder (4) in order to establish a 

sequence of 163 serial sectionsof S^SSSSeS ^Imm-Tn^ * ^ * ^ N °" 93 fr ° m a 

Sr C an E Laft 0 mo 4 sis JSSL^£Staf S&"^SJr Ii^- il ! ,, ^ inB " ^ ™™ fo ™"> and I-W 

pseudopodia (1) in a forward morion ^Zd^d^JiS krle anH hiXl " W?, sha P ed «S«r*li«J 

movement. Several endothelial cells make up the leadino T out ri„ c!tt i f ' T 8 " (3, . lnterpreted as , a si § n of Polyploidy and/or nuclear 
distinct cell borders and junctional areas (arrowheads) an the ^r, £ anal >™ °f ™ny sena sect.ons at low and high magnification revealed 
represent one nucleus (Fig. 45) Th lumen (4 is d iL I ,1 ,11 £ ° f u^' (3 > , Se f e " ?' Ce " ain levels ^ -> 3 an d 44) onlv 
sectioning, a bleb appelrs^) to be situated Sh n an ndolfal ce ]' bur J W . " I ^"f ^ b ' Um Spr0UtS - At certain levels ° f 
sprout lumen (4). Th : lumen develop m a dUatatfen of the in^rlnL^r . j l*' " ' S clearl >; L seen 10 represent an outpocketing of the 

are the last to become detached These ar s tens No 115 (Rg 42^ 88 79 S T^'a^ ~ (6) ° f «=>™pl-smic strands 

sections of this area, x 3,700. 1 mm = 0.27 "m 8 ' ( * (F * 44) ' a " d 65 (F ' 8 ' 45) from a seauence of 163 serial 

59). The pseudopodium (1) contains 

microspike with ab^ near the nucleus (6). A 

(arrowheads) tndtcate the place where the sprout lumen appears as a bleb marked" 5' £ .Eg 45 X 13?700 ' mm - 0 0™ m ""^ 
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formed elements until firm and less primitive cell junc- 
tions have been established between endothelial cells. 



DISCISSION 

XhU investigation dealt with the extension and further 
development of blood vessels in a mammalian system af- 
ter the primary differentiation has taken place and after 
the circulation has been established. Furthermore, it dealt 
with a situation where the vascular growth did occur un- 
der quite normal circumstances in young rats without 
previous experimental intervention or damage to the tis- 
sue >uch as, for instance, cauterization, inflammation, 
sea. :>sue formation or observation of growth in ear 
chambers. The microvessels of the mesentery were under 
continuous growth and development in young rats, since 
the mesenteric membrane was used for fat deposition, 
and we assumed that this deposition required a micro- 
vascular system for its sustenance and exchange of lipid 
molecules. 



Tl .-.;;/ approach 

The investigation utilized integrated intravital video rec- 
ording and light and transmission electron microscopy of 



the same vascular segments in serial sections. Thus, there 
was an absolutely positive identification of not only the 
vascular segments that were observed by video recording, 
but also of component cells and their topographic rela- 
tionship. Intravital observations of microvascular beds are 
commonplace (Chambers and Zweifach, 1944; Zweifach, 
1954, 1973; Buckley and Ryan, 1969; Fox and Wayland, 
1979; Fox et al. t 1980; Weigelt and Schwartzmann, 1981; 
Zawicki et al, 1981; Hashimoto and Prewitt, 1987), and it 
is relatively easy to ascertain flow direction as well as the 
precise location and identification of a given vascular seg- 
ment within the microvascular bed. The preservation of 
the microvessels for light and electron microscopy occurs 
while observing and video-recording the microvascular 
bed. Events that take place during fixation were observ- 
ed , recorded and thoroughly evaluated (Rhodin, 1986). 
Microvascular segments were analyzed before, during and 
moments after superfusion fixation with glutaraldehyde. 
Invariably, the flow in the arteriolar-venular loops slowed 
down within 20-40 sec and came to a complete stop be- 
fore the end of 60 sec. The diameter of the loops as well 
as the base of the capillary sprouts remained unchanged, 
but it was often noticed that erythrocytes and platelets 
would enter the lumen of the proximal end of the sprout 
to a larger extent than was the case during the pre-fixa- 



! n:rni- 47 Tracing of a microvascular area in a 4 week-old rat mesentery. The flow direction in arterioles and arterial capillaries (red) as well as 
in venules and venous capillaries (blue) was confirmed by intravital video recording. Capillary sprouts (dotted yellow-green) showed oscillating 
plasma columns. 

1 Hii Ki: 48 Microvessels present within green rectangle in Fig. 47 seen in a light micrograph of a fixed and Epon embedded whole-mount before 
m-. Montiin. This demonstrates a rather restricted area of a microvascular bed with one arteriolar (l)-venular (2) loop, several capillar)' sprouts (3) 
•' •■' * capillary sprout loops (4) in stages of formation and establishment of vascular anastomoses. Arrows indicate blood flow direction, x 125. 

! * sun. 

I «<.! vi 4*> Intravital video image of rectangular area in Fig. 48, recorded 10 min before the blood flow was stopped by superfusion fixation with 
puLiraldehydc. There was a rapid, continuous blood flow in the arteriolar-venular loop (1), but only plasma and an occasional platelet entered 
S >!,, ut A ;ind sprout B (poorly resolved) suspended in oscillating plasma columns. No platelets were seen to enter sprout C from the arteriolar- 
venular Un>p. Note collagen fibers (2) and the mast cell (3). Arrows indicate blood flow direction, x 350. 1 mm = 2.9 um. 

1 h.i ki: 50 Same area as Fig. 49 seen in a light micrograph of a whole-mount after fixation and Epon embedding but before sectioning. Three 
i :yilm»cyies entered sprout A during the last 20 sec before the blood flow was arrested by the fixative. The general topography corresponds well to 
iii.si recorded intravital!}' as evidenced by the close correlation of the arteriolar-venular loop (1), the collagen fibers (2) as well as the mast cell (2). 
outlines of the short loops and their sprout components (A, B, C) are better defined than in Fig. 49. x 350. 1 mm « 2.9 pm. 

N ! Electron microscopic overview of the area indicated by a rectangle in Fig. 48. The arterial feeder (1) as well as the venous drainer of 
- " average 15 um in width. Their walls are made up of thin endothelial cells (3) and scattered intermediate-type cells (4) (resolved as such 
' [ ' • unifications). Sprout A which is wide at its origin, contains several platelets and two erythrocytes. Sprout B does not appear in its 

I ~' : ! i?i. s ScCt j on » but does connect with sprout C as seen in Fig. 52. Sprout C is at the initial stages of formation and is analyzed further in 

) ?- v ^ 10 55. Pericytes (5), fibroblasts (6) and mast cells (7) and an 'umbrella cell' (8) were positively identified at higher magnification, x 900. 
• lnp -i = 1.1 um. 

It''- 1 V i ^~ Serial section to Fig. 51 demonstrates the connection between the sprouts A, B and C seen at this level of sectioning. The endothelial 
1 J 1 1 nuc ' eus (1) shares cytoplasm with all three sprouts, thus establishing an anastomosis between them. Many platelets and some erythro- 
;j lr \V'» rC c k' n 8 the connective tissue channel or incomplete lumen of sprout C (compare Figs. 51 and 52) thus preventing blood from flowing 
- V^s'm ', W ° P enc > ,tes (2) have assumed the shape of 'umbrella cells' (see Figs. 34 and 35), and the greater extent of two fibroblasts (3) is seen. 
'.^U. 1 mm = 0.74 um. 
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tion period (Fig. 50). Based on earlier investigations 
(Rhodin, 1986) and those made during this investigation, 
one is assured of the fact that the general topography of 
the microvascular bed as well as the vascular dimensions 
are preserved in the state that existed just prior to the 
onset of the fixation. 

It is quite difficult, if not impossible, to ascertain with 
complete confidence that the capillary sprouts observed 
were in the process of growth and development. The me- 
sentery of the rat can be observed for only a very limited 
time, and actual growth could not be seen during the 
60-120 min of recording. Therefore, other criteria were 
used to decide that we were, indeed, dealing with active 
capillary growth, rather than retraction or regression. The 
extensive and elegant studies by the Clarks (1912, 1918, 
1925, 1934, 1939, 1940, 1943), which dealt with in vivo 
observations of capillary growth in frog larvae tail fins 
and the rabbit ear chamber, served as elucidating guides 
in identifying vascular sprouts in our material, since the 
Clark observations were made during prolonged periods 
of up to several days, even weeks. It would be very ap- 
propriate to repeat some of the Clark investigations, us- 
ing modern observation methods (Allen et al % 1981; Shot- 
ton, 1987; Aletta and Greene, 1988), including time-lapse 
photography in order to determine whether a capillary 
sprout was involved in a migratory movement toward an- 
other capillary, or was in a process of regression and 
atrophy. In our present investigation for all intents and 
purposes, we had to use other criteria, such as the ab- 
sence of intracellular lysis of cell organelles and nuclear 
pyknosis to rule out capillary retraction. Furthermore, in- 
vestigations by Schoefl (1963), Ausprunk and Folkman 
(1977), Folkman and Haudenschild (1980), Wagner (1980), 



Montesano et al (1963), Sholley et al (1984), and Dvor ■ I 

et al (1987) dealing with vascular sprouting and prolifer j 

ation of endothelial cells during a variety of experiment ] 

conditions and using different investigative tools, were 1 

very helpful in identifying morphological signs of angio- j 

genesis in the mesentery of our material. These signs in- | 

eluded shape and size of endothelial cell extensions j 

breaking through the basal lamina; bipolar rearrangement j 

of migrating endothelial cells; emergence of a primitive j 

sprout lumen; shape and topographic relationship v.-: j 

leading sprout tip to adjacent mast cells, macrophages j 

and fibroblasts; and the ultrastructural composition and 1 

arrangement of cell organelles in the migrating bipolar } 
endothelial cells. 

Mechanisms of sprouting 

The mechanisms of capillary growth consist of sever 1 
factors and phases such as blood flow and growth factor 
related stimuli, endothelial cell proliferation (mitosis), en- 
dothelial cell migration, intraendothelial migration de- 
vices, endothelial and interstitial connective tissue factors. 

Blood flow related stimuli - In our present material from 
the rat mesentery, the majority of capillary sprouts stud- 
ied did arise from the general area of arteriolar-venular 
loops, mostly at the sharp angle where the loop chang: 1 
from an arteriolar feeder into a venous drainer (Figs. 1 to 
4). The video recordings indicated clearly that platelets 
and erythrocytes, suspended in the plasma column at the 
basal (proximal) end of the sprout, showed oscillatory 
movements in synchrony with the heart beats. Gradually, 
the middle and distal part of the sprouts became filled 
with packed erythrocytes and platelets as the plasma es- 



F.r..« 53 Enlarged detail of sprout C in Fig. 51. From the bend of the arteriolar-venular loop (1) emerges an endothelial spur together with its 
n deus 2). A^M^J^^ nucleus (3) is assumed to approach the spur from the opposite 

partlv lined by a pericyte (5), contains platelets (6) and erythrocytes (7), the latter escaping into the perivascular connective tissue with their icadu g 
ends' (8). The perivascular cells are a mast cell (9) and a fibroblast (10). X 2,250. 1 mm = 0.44 um. 

Figure 54 Enlargement of the endothelial spur with its nucleus (1) in Fig. 53. Serial sections showed that there is only one endothelial oe J 
making up thfspuf The distal end of the spuHs frayed (2) but the endothelial basal lamina (arrowheads) remains intact, separating the flocculent 
plasma (3) and fibrinoid (4) from the interstitial connective tissue (5). x 9,500. 1 mm = 0.U urn. 

Figure 55 In another serial section of this area, it is convincingly demonstrated that the frayed appearance of the endothdial spu r seen in Fig 5 
S-oan ope, Erupted endothelial cell (1, spur tip (2) , allowing p^a (3) tc .create and fi a ~™ 



5i 



is due to an open, d srupted endothelial cell (1 spur tip U allowing piasma \jj iu now «mu im « w.. u .«"v - - ftO0 

escape into this channel and fibrinoid (6) is formed. One platelet (7) lines up protectively along the denuded basal lamina (arrowheads), x 12,000. 

1 mm = 0.083 um. 
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caped to the interstitial space. It is suggestive that these 
oscillations and the packing of erythrocytes would have a 
stimulating effect on the vascular growth, as proposed by 
Branemark (1965). Furthermore, we observed a rapid 
blood flow in the arteriolar-venular loops. Clark et ai 
(1930), Myrhage and Hudlicka (1978) and Hudlicka 
(1984) have postulated that high blood flow and/or blood 
pressure may have a stimulating effect on capillary 
growth, possibly through shear stress in the angular re- 
gions of capillaries. It is presently not known how these 
factors would influence capillary growth and whether 
they would have a mitogenic effect on the endothelial 
cells, activate intraendothelial cytoplasmic structures' in- 
volved in cell elongation and migration, or have a multi- 
factorial effect. 

Growth factors - It is beyond the scope of this communi- 
cation to discuss the influence of growth factors on capil- 
lary sprouting, since our investigations did not include 
biochemical assays. As demonstrated by Maciag et al. 
(1984) the principal endothelial cell mitogen in bovine 
brain is a growth factor which is bound by heparin. For a 
comprehensive review, consult Hormia and Virtanen 
(1986). 

Endothelial cell migration - One important phase of cap- 
illary growth is the migration of endothelial cells. Based 
on our observations, we postulate that the migration 
process is divided into a rapid phase and a slow phase. 
The rapid phase is represented by the sprouts with long, 
narrow, pointed leading tips without lumen, and the slow 
phase by the sprouts with blunt thick ends and an open, 
dilated lumen. During the rapid phase, the cytoplasm and 
the nucleus of the endothelial cells became elongated and 
the cells polarized. The leading pointed part was provid- 
ed with small filopodia and bulbous pseudopodia' which 
broke through the basal lamina, while the trailing part 
established contact and differentiated temporary junction- 
al areas with accompanying endothelial cell(s). Based on 
our serial sections of cross-sectioned leading ends of long 
sprouts, we arrived at the conclusion that the mechanism 
by which the migration of endothelial cells occurs during 
the rapid phase of capillary growth is through a sliding 
movement. Thus, one endothelial cell moves forward rap- 
idly, followed by a second, elongated bipolar endothelial 
cell, in a sliding, overlapping motion. Whether one or the 
other endothelial cell overtakes its companion during the 
sliding could not be determined on the basis of our in- 
vestigation. However, our concept is in line with an earli- 
er suggestion (Bar, 1983) that the elongation process of 
developing microvessels in the cerebral cortex of rats 
takes place through a telescope-like sliding of the margins 
of overlapping endothelial cells. A similar mechanism was 
suggested by Sholley et ai (1984) in their study of vascu- 



lar sprouting in the rat cornea following silver ni - :e 
cauterization, as well as by Hadfield (1951), who investi- 
gated granulation tissue. Gradually, more than two endo- 
thelial cells participated in the build-up of the middle 
and proximal parts of the capillary sprouts. As a small 
and slit-like lumen emerged, it did so between endothe- 
lial cells. There was no indication, in our material, that 
the sprout lumen developed through intraendothelial vac- 
uolization, as was suggested by Clark and Clark (19 : -)) ) 
giving rise to so-called seamless endothelia, described by 
Wolff (1964) and Guldner and Wolff (1973) in a variety 
of tissues and organs. 

During the slow phase of capillary growth, we assume 
that the endothelial cells which make up the leading, 
blunt end of the sprout, are undergoing some kind of 
reorganization. This is based on the fact that the nuclei 
of those endothelial cells are large and irregularly shar = \, 
in contrast to the elongated and smooth nuclei ol .:.e 
polarized endothelial cells of the sprouts with the long 
leading tip. Although mitotic figures were not recorded 
in these cells, it is likely that the nuclei are in an early 
prophase, or engaged in DNA synthesis, leading to poly- 
ploidy. Should this be the case, an ensuing cell division 
or nuclear enlargement could result in a rapid phase of 
capillary growth by endothelial cell migration. The fairly 
large number of closely apposed fibroblasts near the lc. .1- 
ing blunt end of these sprouts and their multiple contacts 
through cytoplasmic peg-and-socket devices may have an 
arresting influence on endothelial cell proliferation, as 
suggested by Gospodarowicz et al, (1980) and Orlidge 
and D'Amore (1987), since some of the fibroblasts are 
probably in the stage of transforming into pericytes. On 
the other hand, the many bulbous pseudopodia of the 
endothelial cells of the blunt sprout end indicate that .. e 
cells do prepare to move on (Aletta and Green, 1988 i. 
The suggested subdivision of the endothelial migration 
process into rapid and slow phases is purely speculative, 
and must be verified by time-lapse photography, prefer- 
ably utilizing video-enhanced high-resolution differential 
interference contrast microscopy (Allen et al., 1981; Shot- 
ton, 1987), in a vascular sprouting system, where one can 
observe the development of the microvascular bed o*' r 
prolonged periods. The model used by Clark (1918). me 
tail fin of amphibian tadpoles, seems to offer unprece- 
dented opportunities for such a time-lapse recording, and 
should yield valuable information in support of or against 
our theory. 

Endothelial cell proliferation - Mitotic figures were not 
observed with great frequency in the endothelial cells of 
the capillary sprouts studied in our material. Since nearl y 
fibroblasts often underwent cell division, we assume that 
our fixation technique is adequate to preserve cells in mi- 
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tosis. In a few instances, it was observed that the endo- 
thelial cells near the proximal end of long sprouts under- 
went division. It is well known that endothelial cells of 
fully developed blood vessels, including capillary endo- 
thelial cells, have a very slow turn-over rate (Engerman et 
d, 1967). On the other hand, more recent investigations 
by SM!ev et al (1984) demonstrated clearly by means of 
triri. .nvmidine and autoradiography that the endothe- 
lial cell nuclei of capillary sprouts in the cauterized rat 
cornea were engaged in DNA synthesis and subsequent 
mitosis. 

In our material, it was noticed that the nuclei of the en- 
dothelial cells located within the most distal, leading part 
of the vascular sprouts were unusually elongated, reach- 
ing lengths of up to 25 jam, and that they were not ob- 
serv • ' mitosis. There is the possibility that the elongat- 
ed t..oothelial cells are in a state of DNA replication 
without karvokinesis and cytokineses. Thus, the cells be- 
come polyploid during their most active migratory phase. 
This may be an adaptive device, since the completion of 
cell division during this stage might be disruptive to the 
intracellular organelles which aid in the migratory move- 
ment of the endothelial cells. Support for this theory is 
found in the investigation by Black et al (1988) into the 
que . of smooth muscle cell polyploidy in the blood 
vessels of spontaneously hypertensive rats. However, a 
more definitive answer to the question of polyploidy ver- 
sus mitosis in the endothelial cells of sprouting capillaries 
will require a combination of our technical approach and 
labeling by tritiated thymidine in the mesentery of vouns 
rats. 

//// htbelial migration devices - As the sprout grows 
foiv.-a. it is inevitable that the endothelial cells which 
make up the sprout actively bring about this movement, 
perhaps in a sliding motion in relation to their compan- 
ion cells, as suggested above. The endothelial cells of the 
sprouts become polarized during the assumed rapid mi- 
gratory phase, and the distal end is highly drawn out and 
provided with small microspikes and bulbous cytoplasmic 
extensions, piercing through the basal lamina of the 
S P vJ into the interstitial matrix. The polarized en- 
doitidiai cells are richly endowed with organelles that, in 
other mammalian cells and other species, are known to 
Participate in migratory movements. The leading part of 
r he polarized endothelial cells contains many microtu- 
bules, small vesicles and filaments. Our filaments average 
^ A in diameter and are, therefore, on the borderline 
between microfilaments (60 A-70 A) and intermediate 
Wamenrs (80 A-100 A). To determine their protein com- 
and thus, their functions, other investigative 
methods are required, for instance immunofluorescence 
lose, 1981). True microfilaments, also referred to as 



'stress fibers' (White and Fujiwara, 1986; Herman and 
D'Amore, 1984) are made up of F-actin (Lazarides and 
Weber, 1974; Wong et al, 1983) and myosin (Fujiwara 
and Pollard, 1976; Weber and Groschel-Stewart, 1974), 
whereas intermediate filaments are chemically heterogene- 
ous. In cells of mesenchymal origin such as fibroblasts, 
pericytes and endothelial cells, the backbone of interme- 
diate filaments is vimentin, a 50,000-dalton protein (Gard 
and Lazarides, 1980). Microfilaments are generally con- 
sidered to participate in cytoplasmic contractions, cellular 
adhesion and anti-shear stress. Vimentin filaments form 
an important supportive and strengthening part of the 
cytoskeleton. The 75 A filaments observed in our mate- 
rial are either intermediate filaments or microfilaments, or 
they may represent yet a different type of filament which 
may be transitory in nature, serving some special function 
only during cell migration. The presence also of numer- 
ous microtubules (Dustin, 1984) and vesicles in the long 
endothelial extensions makes it tempting to formulate the 
following scenario, supported by several recent investiga- 
tions of nerves and nerve growth cones (Bunge, 1973, 
1986; Schnapp et al, 1985; Allen, 1987; Aletta and 
Green, 1988), locomotion of cultured fibroblasts 
(Bretscher, 1984, 1987), pollen tubes of angiosperms (Pic- 
ton and Steer, 1982; Pierson et al, 1986) and reticulo- 
pods of protozoans (Allen, 1985, 1987; Allen et al, 1985; 
Bowser et al, 1988; Travis et al, 1983). 
During the migration of the endothelial cells of the capil- 
lary sprouts, the Golgi area, unusually rich in vesicular 
components, generates a large number of small cytoplas- 
mic vesicles, and the centriolar region serves as origin for 
the many microtubules (Gudima et al, 1988) present in 
the distal leading edge of the polarized endothelial cell. 
Thus, the leading extension contains a system of microtu- 
bules and 75 A filaments arranged in parallel and cyto- 
plasmic vesicles strung along together with mitochondria, 
microsomes and some multivesicular bodies and second- 
ary lysosomes. In the locomotion, the cytoplasmic vesicles 
and other organelles are transported along by the micro- 
tubules, aided by the 75 A filaments which also provide 
structural integrity to the cytoplasmic matrix. At the lead- 
ing tip, the cytoplasmic vesicles add membranous mate- 
rial to the cell membrane through exocytosis, thus ulti- 
mately making the tip move forward. The microspikes 
and lamellipodia of this area are probably created by an 
increase in cell membrane area, although their penetra- 
tion of the basal lamina of their parent endothelial cell 
and their probing ahead through the extracellular con- 
nective tissue matrix is very likely brought on through 
the influence of factors released from mast cells and oth- 
er sources. 

In summary, it is quite remarkable to observe the close 
similarity in shape and structural composition between 
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the growth cone of nerves and the distal leading endo- 
thelial process of capillary sprouts. However, other in- 
vestigations are needed to ascertain the biochemical na- 
ture of the 75 A filaments observed in our material, as 
well as to confirm that the postulated cytoplasmic stream- 
ing and transport does, indeed, take place in endothelial 
sprouts during their migration and growth. 

Extraendothelial factors - There are several extraendothe- 
lial factors which participate in capillary growth. The bas- 
al lamina of the sprout is synthesized by the endothelial 
cells and serves primarily as a filtration barrier and sup- 
porting layer between the endothelial cell and the sur- 
rounding connective tissue. However, it is dissolved at 
the moment the endothelial cell projects pseudopodic ex- 
tensions into the interstitial connective tissue (Glaser et 
al, 1983). The polypeptide chains which make up lami- 
nin, the major component of the basal lamina, are prob- 
ably dissolved through the action of proteases, enzymes 
derived from the mast, cells (Folkman et al, 1983). Other 
enzymes, also synthesized by the mast cells (Klebe et aL, 
1986), are very likely responsible for the degradation of 
mucopolysaccharides in the ground substance (Fraser and 
Simpson, 1983), thus creating the interstitial connective 
tissue channels which we observed in our material. One 
such channel can be seen in Figs. 51 and 52, and it 
should be noted that three is also an intact 'nude' basal 
lamina present, marking the border between the connec- 
tive tissue channel and the surrounding connective tissue. 
In this instance, the basal lamina serves not only as a 
barrier but perhaps also as a scaffold for the continued 
growth and migration of the endothelial cell. 
It is difficult to decide which factors have an influence 
on the direction of the sprout growth. Of course, growth 
factors act on cell membrane receptors (Liu and Newell, 
1988), and interaction between specific cell membrane 
domains and connective tissue components will promote 
and help in moving the endothelial extensions forward 
(Thiery, 1984). The close proximity between endothelial 
extensions and elastic fibers demonstrated by us may in- 
dicate that these fibers serve as a scaffold for the migra- 
tion, thus, indirectly, serving as directional guides for 
capillary growth as suggested by Mortimer et al. (1983) 
and Ryan and Barnhill (1983). 

Relationships between fibroblasts, pericytes and smooth 
muscle cells - This investigation has shed some new light 
on the possible developmental connection between the fi- 
broblasts of the mesenteric membrane, the pericytes of 
the capillary sprouts, and the emergence of primitive 
smooth muscle cells on the arteriolar-venular arcades dur- 
ing vascular growth and differentiation in the rat mesen- 
tery. The work by Clark and Clark (1925) which analyzed 
the development of adventitial cells on the blood capil- 



laries of amphibian larvae, demonstrated quite com i. .> k 
ingly that fibroblasts in the tail fin of these larvae moved | 
about by ameboid movements. Some of the. fibroblasts f 
settled down on newly formed capillaries, often going | 
through a mitotic division first, and then pulled in many ] 
of their long cytoplasmic processes and gradually became \ 
cells which, by all morphological evidence, must be called j 
pericytes. However, many of the fibroblasts that moved \ 
about did not settle down and become pericytes. M n*e i 
recently, Cliff (1963, 1965) studied the kinetics of wound j 
healing in rabbit ear chambers by time-lapse cinemicro- \ 
scopy and electron microscopy, and showed that adventi- J 
tial, fibroblast-like cells of developing arterioles were de- ! 
rived from extravascular cells, which graduallv developed ; ! 
into smooth muscle cells. Similarly, Meyrick et al. (1981) I 
demonstrated in the small pulmonary arteries in the rat ] 
lung that pericytes do differentiate into smooth mir :le 
cells. ; 
Our investigation showed that perivascular fibroblasts in- \ 
variably 'close in' on capillary endothelial spurs and short \ 
sprouts, and continue to do so as the sprouts grow and 
lengthen. There is a bilateral activity between these fibro- 
blasts and the endothelial cells as evidenced by the many 
peg-and-socket contacts established. Perhaps the most 
convincing evidence of a transformation of a fibroblast 
into a pericyte is seen in Figs. 29, 30 and 32, where .. e, 
presumably, captured a fibroblast in the process of sur- 
rounding the leading tip of a long capillary sprout. Thus, 
we maintain based on the findings in this investigation, 
that we have demonstrated beyond a doubt that fibro- 
blasts do serve as precursors of pericytes. Furthermore, 
we have good evidence that pericytes serve as precursors 
of smooth muscle cells, as seen in Figs. 37 to 39, showing 
cells located in the wall of the arteriolar feeder of an a -:e- 
riolar-venular loop. 

Thus, the fibroblasts are transformed into pericytes, and 
these into smooth muscle cells during capillary growth 
and differentiation of the newly formed capillary loops 
into arterioles and venules. 

The function of the bilateral peg-and-socket connections 
between the fibroblasts and the endothelial cells is prob- 
ably the first indication of a cell-mediated impulse, 
whereby the two cells exchange information related to 
their continued collaborative efforts in capillary growth 
(Heimark and Schwartz, 1985). The sprout must secure 
pericytes which will serve as progenitors of future smooth 
muscle cells. However, the acquisition of pericytes may 
also serve to coordinate endothelial activities, as suggest- 
ed by Crocker et al. (1970) based on their electron micro- 
scope analysis of the role of pericytes in wound healing- 
Recently, Orlidge and D'Amore (1987) showed that peri- 
cytes suppress or modulate endothelial growth in vitro. 
Thus, the incorporation of fibroblasts and their transfor- 



30 RiiODiN J.A.G. and Fujita H. 



DEVELOPMENT 




Figure 56 Schematic drawing summarizing the major events taking place during the growth and development of capillar)' sprouts, based on 
analyses of intravital video recordings and electron micrographs from the mesenteric microcirculation of young rats. In arterial -venous capillary 
loops, small endothelial extensions (1) penetrate the basal lamina (fine stippling), evolve into cellular protrusions (2) and develop further into 
endothelial spurs and short sprouts (3). Gradually, the sprouts lengthen (4). The long endothelial extensions (yellow) contain a highly vesicular 
Golgi area which delivers a multitude of vesicles (orange) which are transported distally by cytoplasmic streaming, aided by 7.5 nm filaments (black 
wa ~ lines) and a set of microtubules, derived from the centrioles (red). Other cell components are mitochondria and lysosomes/multivesicular 
(green) as well as monoribosomes (black dots). The vesicles fuse with the cell membrane, thereby adding membranous material to the 
enc.ihelial extensions and making the sprout tip move forward. Fibroblasts (lavender) settle down on the sprouts and are transformed into 
pericytes (green). Extravasation of plasma (pale rose) and formed elements of the blood (red) are prevented from escaping into the interstitial tissue 
by pericytes which temporarily assume an umbrella shape. 
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mation into pericytes may delay or arrest temporarily en- 
dothelial cell proliferation, as evidenced by the virtual ab- 
. sence of mitotic figures in the endothelial cells of the dis- 
tal, leading end of capillary sprouts. 
Yet another function of the pericytes is evidenced by the 
fact that they serve as reinforcements of the very delicate 
and quite leaky wall of the capillary sprouts. They accu- 
mulate plasma and extravasated formed elements of the 
blood, temporarily transforming the primitive pericytes 
into umbrella-shaped cells. This function of serving as 
modulators of vascular leakage is retained in the fully de- 
veloped microvascular bed, where this function is partic- 
ularly well demonstrated in the postcapillary venules 
(Majno and Palade, 1961; Majno et aL, 1961; Cotran, 
1965; Hultstrom and Svensjo, 1979; Sims et aL, 1985; 
Sims, 1986) this being the most sensitive segment, respon- 
ding to histamine release as well as thermal and inflam- 
matory stimuli. 

Vascular anastomosis 

The very limited number of observed and assumed po- 
tential mergers between capillary sprouts and their arte- 
riolar-venular loops of origin or with other capillary loops 
do not warrant a lengthy discussion. Time-lapse video 
recordings of such vascular fields followed by detailed 
electron microscope analyses are necessary prerequisites, 
and would enable one to decide whether a given capillary 
sprout is approaching or retracting from another capil- 
lary. Our present observations seem to indicate that in- 
terstitial channels are created during the process of vascu- 
lar anastomosis before firm contacts have been establish- 
ed between merging endothelial cells, allowing for a flow 
of plasma and formed elements of the blood through 
connective tissue channels without endothelial lining, 
rather than through endothelial tubes. 

CONCLUSIONS 

The formation of capillary sprouts and their further 
growth and development was explored in the mesentery 
of young rats without experimental intervention. The 
mechanisms of sprout formation and migration are very 
similar to capillary growth in wound healing. The mesen- 
tery, therefore, offers a unique opportunity to study an- 
giogenesis as close to its natural state as possible. 
The principle consecutive stages of the mesenteric capil- 
lary growth are summarized in the schematic drawing in 
Fig. 56. They are as follows: 

1) Endothelial projections penetrate the basal lamina. 

2) Endothelial nucleus moves into the projection. 

3) An endothelial 'spur' is formed. 



4) Matrix 'channels' form in the interstitial conix .. :ve 
tissue in advance of the approaching capillary sprout. 

5) Endothelial cells migrate by an alternate sliding mo- 
tion, in the process assuming an extreme bipolarity. 

6) The leading sprout tip consists of microspikes and 
pseudopodia, devoid of a basal lamina. 

7) Intraendothelial components participating in the en- 
dothelial migration are the Golgi area, which deliver nu- 
merous small vesicles which are assumed to move periph- 
erally into the distal endothelial extension, and a system 
of microtubules and 7.5 nm filaments, arranged in paral- 
lel, which offers a mechanism by which vesicles, mito- 
chondria and multivesicular bodies are moved along in a 
cytoplasmic streaming within the leading endothelial ex- 
tension, thus ultimately moving the endothelial cell for- 
ward. 

8) The sprout follows a connective tissue scaffold of 
elastic fibers and collagen fibers. 

9) A sprout lumen is gradually formed between endo- 
thelial cells. 

10) Fibroblasts move toward the sprouts and 'cradle' 
the extensions of the endothelial cells. 

11) Gradually, the fibroblasts are transformed into ; ;ri- 
cytes, and in the process are being surrounded by a basal 
lamina. 

12) The pericytes first serve to protect the delicate and 
fragile capillary sprouts, preventing a major exodus of 
plasma and formed elements of the blood into the con- 
nective tissue. In the process, the pericytes take on an 
umbrella shape. 

13) Gradually, the intercellular junctions between :he 
endothelial cells of the capillary sprouts become firmer, 
and fewer vascular elements leak* out. The 'umbrella 
cell' resumes the shape of ordinary pericytes. 

14) As the arterial- venous capillary 7 loops "grow in size, 
and develop into arterioles and venules, the pericytes are 
transformed into intermediate cells, gradually acquiring 
cytoplasmic characteristics typical of vascular smooth 
muscle cells. 
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We describe the genomic organization and functional 
characterization of the mouse gene encoding vascular 
endothelial growth factor (VEGF), a polypeptide impli- 
cated in embryonic vascular development and postnatal 
angiogenesis. The coding region for mouse VEGF is in- 
terrupted by seven introns and encompasses approxi- 
mately 14 kilobases. Organization of exons suggests 
that, similar to the human VEGF gene, alternative splic- 
ing generates the 120-, 164-, and 188-amino acid iso- 
forms, but does not predict a fourth VEGF isoform cor- 
responding to human VEGF 206 . Approximately 1.2 
kilobases of 5 '-flanking region have been sequenced, 
and primer extension analysis identified a single major 
transcription initiation site, notably lacking TATA or 
CCAT consensus sequences. The 5 '-flanking region is 
sufficient to promote a 7-fold induction of basal tran- 
scription. The genomic region encoding the 3 ' untrans- 
lated region was determined by Northern and nuclease 
mapping analysis. Investigation of mRNA sequences re- 
sponsible for the rapid turnover of VEGF mRNA (mRNA 
half-life, <1 h) (Shima, D. T. ( Deutsch, U., and D'Amore, 
P. A. (1995) FEBS Lett 370, 203-208) revealed that the 
3' -untranslated region was sufficient to trigger the 
rapid turnover of a normally long-lived reporter mRNA 
in vitro. These data and reagents will allow the molecu- 
lar and genetic analysis of mechanisms that control the 
developmental and pathological expression of VEGF, 



The mediators of neovascularization comprise a diverse col- 
lection of growth stimulators and inhibitors that have been so 
designated because of their abilities to affect angiogenesis in 
vivo and/or endothelial cell proliferation in vitro (for review, see 
Ref. 1). Vascular endothelial growth factor (VEGF) 1 was ini- 
tially identified based on its ability to stimulate vascular per- 
meability (called VPF, for vascular permeability factor) and 
was subsequently demonstrated to be an endothelial cell-spe- 
cific mitogen and angiogenic factor (2, 3). In vivo, VEGF ex- 
pression has been correlated with embryonic, physiological, 
and pathological blood vessel growth (4-6). VEGF's role as a 
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mediator of angiogenesis has been confirmed in two distinct 
pathologies; VEGF has been demonstrated to be a necessary 
component of experimental tumor angiogenesis and tumor 
growth in rodents (7, 8), and, more recently, it has been shown 
to be causative in the development of ocular angiogenesis sec- 
ondary to retinal ischemia (9, 10). 

The spatial and temporal expression patterns of VEGF and 
its tyrosine kinase receptors, flt-l and flk-HKDR, during peri- 
ods of blood vessel growth have also led investigators to suggest 
a paracrine role for VEGF during the development of the em- 
bryonic vasculature (11, 12). The VEGF receptor flk-1 is ex- 
pressed in regions of the early mesoderm, which are presumed 
to give rise to angioblasts, and is currently the earliest known 
molecular marker for the endothelial cell lineage. During later 
stages of embryogenesis, flt-l and flk-1 receptor mRNA are 
restricted to the endothelium of vascular cords and blood is- 
lands, with VEGF mRNA expressed in adjacent embryonic 
tissues (13). Proof of a role for VEGF in vessel development 
comes from recent studies in which VEGF receptors were de- 
leted by targeted disruption. Mouse embryos, in which the flk l 
receptor was deleted by targeted disruption, lacked blood is- 
lands and died between days 8.5 and 9.5. In these embryos, no 
organized blood vessels were observed and hematopoiesis was 
dramatically reduced (14). Mice, in which flt-l was mutated by 
targeted disruption, were able to form endothelial cells but 
unable to assemble them into normal vascular channels and 
thus died at mid-somite stages (15). 

From these and other observations, VEGF emerges as a 
mediator of vasculogenic and angiogenic events associated with 
a wide range of biological events (16). Consistent with this 
concept, the local and systemic signals responsible for orches- 
trating the growth and regression of new blood vessels must 
ultimately regulate VEGF gene expression. Numerous effectors 
of VEGF gene expression have been identified, including 
cAMP, steroid hormones, protein kinase C agonists, polypep- 
tide growth factors, oxygen, free radicals, glucose, cobalt, and 
iron. The potential mechanisms through which these agents 
modulate gene expression are varied, and include transcrip- 
tional regulation through AP-1, AP-2, steroid hormone recep- 
tors, p53, and NFkB, as well as post-transcriptional control of 
mRNA stability (17-21). 2 

To begin an analysis of the relevant mechanisms controlling 
the developmental and pathological expression of VEGF and to 
develop reagents for defining the role of VEGF in embryonic 
development using mouse molecular genetics, we have isolated 
and characterized the mouse VEGF gene. The structure of the 



2 M. Kuroki, E. E. Voest, L. V. Beerepoot, M. Tolentino, R. Y. Kim, 
K. A. Colby, K-T. Yeo. and A. P. Adamis. submitted for publication. 
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gene was determined by restriction mapping, sequencing of 
intron-exon junctions, definition of the transcription initiation 
and termination sites, and analysis of the sequence represent- 
ing the VEGF proximal promoter. Using these structural data, 
we have assayed the mouse VEGF gene for cis-regions respon- 
sible for different aspects of gene regulation and to this end 
describe gene segments sufficient to promote basal transcrip- 
tional activity and post-transcriptional regulation of the VEGF 
gene. 

MATERIALS AND METHODS 

Gene Isolation and Physical Mapping— A 1 29 strain mouse cosmid 
genomic library prepared from liver (Stratagene) was screened with 
random prime 32 P-labeled probes corresponding to the mouse VEGF 164 
coding region (kindly provided by Dr. Kevin Claffey, Beth Israel Hos- 
pital. Boston). Approximately 5 X 10 5 colonies were screened on nylon 
filters (Hybond N, Amersham) by hybridizing the VEGF probe over- 
night at 65 °C in 500 mM phosphate, pH 7.2, 7% SDS, 1% bovine serum 
albumin, 1 mM EDTA, and 100 /ig/ml sheared, denatured salmon sperm 
DNA. Several positive clones were identified in this initial screen. After 
two rounds of rescreening and colony purification, cosmid DNA was 
isolated and analyzed by restriction digestion and Southern blot to 
identify useful DNA fragments for subcloning. Restriction-digested cos- 
mid insert DNAs were subcloned into pBSII (Stratagene) for further 
analysis. Nucleotide sequencing of subclones indicated that VEGF cos- 
mid clones encompassed the 3'-half of the VEGF gene (beginning near 
exon 4) and extended 30-40 kb in the 3'direction. 

To isolate additional clones encompassing the 5 '-end of VEGF, a 
280-bp cDNA probe template spanning exons 1-3 was generated, using 
the polymerase chain reaction, and used to rescreen 5 X 10 s colonies. 
No additional VEGF clones were identified. As an alternative, the exon 
1-3 probe was used to screen a 129 mouse genomic library in the 
lambda vector EMBL3 (kindly provided by Dr. Richard Moss, Brigham 
and Women's Hospital, Boston). The library was screened on charged 
nylon membranes (GeneScreen Plus, DuPont NEN) by hybridization at 
42 °C in 5 X SSPE, 50% deionized formamide. 5 X Denhardt's, 10% 
dextran sulfate, 0.5% SDS, and 100 |Ltg/ml sheared, denatured salmon 
sperm DNA. Two positive clones were identified from screening 1 X 10 u 
plaques. After two rounds of plaque purification, phage DNA was iso- 
lated and analyzed further. Restriction digestion and Southern blot 
analysis of genomic clones indicated that they encompassed the 5'-end 
of the VEGF gene; one clone, designated lambda 8, overlapped with 
cos 15, a cosmid clone that terminates in the intron upstream of the exon 
4 sequence. Sequence data, restriction maps, and Southern blot analy- 
sis of the mouse VEGF gene were compiled from 9- and 7.5-kb £coRI 
subclones that encompass the VEGF coding region (see Fig. 1). 

DNA Sequencing — Genomic fragments cloned into pBSII were se- 
quenced with vector and gene-specific primers using the Sequenase 2.0 
kit (U. S. Biochemical Corp.). Exon-specific primers (kindly provided by 
Dr. Greg Robinson, Hybridon Inc., Worcester, MA) were synthesized, 
based on alignment of the mouse VEGF cDNA sequence, with the 
published human VEGF exon structure (22). Nucleotide sequence anal- 
ysis was performed with MacDNAsis 3.4 software (Hitachi). 

Southern Blot Analysis — Genomic DNA was prepared from 129 
mouse spleen using standard protocols (23). Restriction enzyme-di- 
gested DNA (10 /ig) was electrophoresed in 0.7% TBE-agarose gels 
overnight. Following electrophoresis, DNA was depurinated in 0.25 M 
HC1, denatured, and transferred to charged nylon (GeneScreen Plus) in 
0.4 M NaOH. Membranes were rinsed in 2 x SSPE, dried, and hybrid- 
ized as described for phage library screening. The probe was a 700-bp 
SmaVBgA genomic DNA fragment spanning sequences in intron 3 
through intron 5 (see Fig. 1, probe A). After high stringency washes, 
hybrids were visualized by autoradiography. 

Transcript Mapping — Total RNA isolation was performed using a 
modification of the acid guanidinium-phenol-chloroform extraction pro- 
tocol (24) with RNAzol B (Tel-test). Total RNA was further divided into 
poly (A) + and poly (A) - pools, using oligo(dT) affinity chromatography 
(25). For primer extension, an antisense oligonucleotide primer (5'- 
CTGGTGAGTCCGCTGATAGTCTGCCTTGTC-3') was designed to hy- 
bridize to sequences approximately 100 bp downstream from the pre- 
dicted initiation site. Primer selection and estimates of the location of 
the transcription initiation site were obtained by aligning mouse VEGF 
nucleotide sequence with the published sequence for the human VEGF 
5'-untranslated region (UTR) and proximal promoter region (22). 32 P- 
End-labeled probes were separately hybridized to poly (A) + and poly(A)" 
RNA obtained from normoxic or hypoxic cultures of C 1271 mouse mam- 



mary epithelial cells (ATCC) (26) in 50 mM Tris, pH 8.3, 50 mM KCl, 10 
mM MgCl 2 . Primer extension was initiated by the addition of 1 mM 
deoxynucleotides, 10 mM dithiothreitol, and 1 unit of avian myeloblas- 
tosis virus reverse transcriptase in a final volume of 26 u.\ followed by 
incubation of the mixture at 42 °C for 30 min. Products were separated 
on 8 M urea, 6% polyacrylamide gels and visualized by autoradiography. 
The precise location of the transcription initiation site was determined 
by comparing the migration of the major reverse transcription product 
with a dideoxy sequence ladder generated with the same oligonucleo- 
tide used for primer extension. 

To identify the 3 '-end of VEGF transcripts, a series of adjacent 
32 P-labeled genomic DNA probes (probe A, 1.3-kb £coRI fragment; 
probe B, 750-bp EcoTU-Sfil fragment; probe C, 600-bp Sfil fragment; see 
Fig. 7), spanning the 3'-end'of the VEGF genomic clone, were hybrid- 
ized to immobilized mouse lung RNA, according to standard protocols. 
Because of a weak, yet significant, hybridization signal, probe C was 
predicted to overlap regions of genomic DNA encoding the VEGF tran- 
script and the 3'-flanking sequence. A nuclease protection assay was 
used to more precisely define the 3'-end. A 4.4-kb Smal genomic DNA 
fragment (spanning the 3'-UTR and flanking region of VEGF) cloned in 
pBSII (Stratagene) was used for riboprobe synthesis. The DNA tem- 
plate was linearized at an Ncol site within the probe B region, and an 
antisense RNA probe of 2.2 kb (see Fig. 7) was transcribed with T7 RNA 
polymerase according to standard protocols (27). The probe was hybrid- 
ized to CI 271 mouse mammary epithelial cell total RNA or yeast tRNA 
overnight at 30 °C in 40 mM PIPES, pH 6.4, 400 mM NaCl, 80% deion- 
ized formamide, 1 mM EDTA. The mixture was diluted in nuclease 
digestion buffer (50 mM sodium acetate, pH 5.0, 30 mM NaCl. 1 mM zinc 
acetate, 20 fig/m\ denatured calf thymus DNA) and then incubated in 
the presence of 300 units of mung bean nuclease (Life Technologies, 
Inc.) for 1 h at 30 °C. Reaction products were separated by denaturing 
gel electrophoresis in an 8 M urea, 4% polyacrylamide gel and visualized 
by autoradiography. 

Mouse VEGF Promoter-Luciferase Constructs — A 1.6-kb fragment of 
VEGF genomic DNA, which encompasses 1.2 kb of the 5'-flanking 
sequence, the transcription start site, and 0.4-kb of corresponding 5'- 
UTR, was ligated upstream of a promoterless luciferase gene in the 
pGL2-basic plasmid (Promega). 5'-Deletions were made using conven- 
ient restriction sites within the VEGF promoter and the pGL2 multiple 
cloning site. These included a 445-bp deletion from the 5' terminus of 
the 1.6-kb fragment (-1217 bp) to the Apal site at -772 bp. a 768-bp 
deletion from the 5' terminus to an internal Mlu site at -449 bp, and a 
1 .3-kb deletion from - 1217 bp to the Smal site at + 126 bp (see Fig. 6). 
The promoterless plasmid, pGL2-basic, and a construct in which the 
promoter was cloned into pGL2-basic in opposite orientation with re- 
spect to transcription initiation served as negative controls. The human 
cytomegalovirus immediate early gene promoter/enhancer region was 
fused to the luciferase reporter for use as a positive control. 

DNA Transient Transfection, Luciferase, and Alkaline Phosphatase 
Assays — Transient transfections were performed with 4 /Ag of test plas- 
mid using Lipofectin (Life Technologies. Inc.) reagent according to the 
manufacturer's protocol. As a control for transfection efficiency, pRcC- 
MVAP (4 fig), encoding a secreted placental alkaline phosphatase gene 
(kindly provided by Dr. Gerhard Raab, Children's Hospital, Boston), 
was cotransfected with test plasmids. Alkaline phosphatase activity 
was determined (28) and used to normalize luciferase assay values. 
Luciferase activity in cell extracts was assayed 48 h post-transfection 
according to standard protocols (27) using a Bioscan luminometer 
(Wallace). 

neo/VEGF Fusion Constructs, Generation of Stable Cell Lines, and 
mRNA Stability Assays— A 4.4-kb Smal fragment, encompassing 2 kb 
of the VEGF 3'-UTR, including poly(A) signals, and 2.4 kb of 3' -flanking 
sequence, was ligated into the Smal site downstream of a neomycin 
resistance gene {neo) open reading frame in the eukaryotic expression 
plasmid LTR-neo (kindly provided by Dr. Michael Cole. Princeton Uni- 
versity, Princeton, NJ). LTR-neo transcripts terminate with SV40 UTR 
and poly(A) sequences (29). LTR-neo and LTR-VEGF constructs were 
individually transfected by electroporation into C 1271, a mammary 
epithelial cell line. The plasmid pPGKhyg. encoding the hygromycin 
resistance gene, was cotransfected with test plasmids to allow selection 
of stable transfectants with hygromycin (200 #ig/ml). Stable colonies 
(50-100) were pooled and expanded for use in mRNA stability assays. 

Actinomycin D chase assays and Northern blot analysis of total RNA 
were performed as described (20). Briefly, confluent cells were incu- 
bated in culture media containing actinomycin D (5 jtg/ml) and subse- 
quently incubated for 0-8 h in standard culture conditions. Total RNA 
was extracted by the modified acid-phenol method using RNAzol B 
(Tel-test) and analyzed by Northern blot for LTR-neo. LTR-VEGF. and 
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Fig. 1. Genomic organization of mouse VEGF. Restriction map of the mouse VEGF gene and flanking regions as established from the 
lambda 8 and cosmid 15 clones. Sites are marked for the enzymes Acd (A), BamHl (£f), EcdRl (£), Hindlll {bf), and Smal (S). Locations of exons 
1-8 and intron sizes are indicated. The VEGF open reading frame is indicated by black shading. 



j3-actin mRNA levels. 15 tig of RNA/sample were fractionated by de- 
naturing gel electrophoresis and capillary blotted to charged nylon 
(GeneScreen Plus). Prehybridization and hybridization were carried 
out in 6 X SSPE, 5 X Denhardt's. 50% formamide. 1% SDS. and 100 
jig/ml sheared, denatured salmon sperm DNA. Probes for Northern blot 
analysis were random prime labeled with 32 P, using the following 
templates: a 280-bp fragment encoding exons 1-3 of the mouse VEGF 
cDNA open reading frame, a 440-bp BssHll-Smal fragment of the neo 
gene, and a 400-bp fragment from the 3'-UTR of human 0-actin (30). 

RESULTS 

Isolation and Preliminary Characterization of the Mouse 
VEGF Gene — To isolate the VEGF gene, a probe representing 
the mouse VEGF 164 open reading frame was used to screen a 
cosmid genomic DNA library prepared from strain 129 mouse 
liver. From an initial screen of 5 X 10 5 colonies, several positive 
clones were identified and analyzed further. Sequencing of the 
termini of cosmid inserts indicated that all of the clones origi- 
nated within the middle of the VEGF coding region and pro- 
ceeded approximately 30-40 kb in the 3' direction. Rescreen- 
ing the cosmid library with the same probe, or a probe 
corresponding to the 5 '-half of the VEGF open reading frame, 
did not identify cosmids harboring the 5 '-end of the VEGF 
gene. Because the 5'-end of VEGF did not appear to be repre- 
sented in the cosmid library, a 1 29 mouse genomic DNA library 
constructed using the EMBL3 lambda phage vector was 
screened. Using a probe spanning exons 1-3 to screen 1 X 10 6 
plaques, two clones spanning the 5 '-end of the VEGF gene were 
identified. One of these clones, designated lambda 8, also over- 
lapped with regions represented in a VEGF cosmid clone 
(cos 15); therefore, these two clones were used for structural 
analysis of the VEGF gene. The relation of the phage and 
cosmid clones to the mouse VEGF gene are shown schemati- 
cally in Fig. 1 . 

A restriction map for the two overlapping clones was assem- 
bled by single, double, and partial digestions with EcoRl, 
BamWl, Accl, HindUl, and Smal restriction enzymes (Fig. 1). 
The locations of exons relative to the restriction map were 
established by nucleotide sequencing the restriction sites prox- 
imal to exons and Southern blot analysis of cloned DNA with 
exon-specific probes (data not shown). Restriction enzyme anal- 
ysis of genomic DNA by Southern blot was used to confirm 
mapping data and verified that mouse VEGF was encoded as a 
single copy gene (Fig. 2). The overlapping genomic clones define 
a contiguous stretch of 45 kb of DNA, of which approximately 
14 kb represents the mouse VEGF coding region. 

Exon-Intron Nucleotide Sequence and Organization — To de- 
termine the genomic organization of the mouse VEGF gene, 
nucleotide sequences of the coding regions and intron-exon 
borders were determined (Fig. 3) and aligned with published 
mouse VEGF cDNA sequences (4). Similar to the human gene, 
the coding region of mouse VEGF is interrupted by seven 
introns, with exons 1 and 8 containing relatively short seg- 
ments of the coding region and the UTRs (22). The organization 
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Fig. 2. Genomic Southern blot analysis of mouse VEGF. 129 
mouse genomic DNA (10 jig) was digested with the indicated enzymes 
and analyzed in a Southern blot using a mouse VEGF genomic DNA 
probe [probe A as illustrated in Fig. 1). The hybridizing fragment in 
///Tidlll-digested DNA is less than 3.0 kb in size and has been run from 
the gel. 

of the mouse coding region suggests that the three VEGF 
protein isoforms, VEGF 120 , VEGF 164 , and VEGF 188 , are cre- 
ated by alternative splicing of a single gene. The VEGF 188 
splice variant includes all 8 exons, whereas the removal of exon 
6 or both exons 6 and 7 yields the VEGF 164 and VEGF 120 splice 
variants, respectively. The mouse VEGF gene structure is 
shown schematically in Fig. 1. 

A fourth human VEGF isoform, designated VEGF 206 , was 
previously identified by polymerase chain reaction amplifica- 
tion of VEGF isoforms from a fetal human liver cDNA library 
(31). From a comparison of cDNA and genomic sequence, this 
splice variant was predicted to be derived from the utilization 
of an alternative splice donor site downstream from the site 
originally identified for exon 6. The mouse gene would not be 
predicted to encode an isoform homologous to human VEGF 206 . 
When compared to the published human sequence, the se- 
quence of the corresponding region of the mouse gene contains 
an additional nucleotide, creating a frameshift that results in 
an in-frame stop codon (Fig. 4). 

Functional Analysis of the Mouse VEGF Promoter— Align- 
ment of sequences from the 5'-regions of mouse and human 
VEGF and primer extension analysis were used to map the site 
of transcriptional initiation for VEGF mRNA in the C127I 
mouse mammary epithelial cell line. Low levels of VEGF 
mRNA were detectable in the CI 271 cells grown under typical 
culture conditions, but were dramatically induced by exposing 
the cells to a low oxygen environment (Fig. 5/4). An antisense 
primer, predicted to anneal approximately 100 nucleotides 
downstream of the transcription initiation region, was chosen 
based on alignment of the human proximal promoter region 
with corresponding mouse sequence. The primer was annealed 
to poly (A) + RNA isolated from normoxic and hypoxic cultures 
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tgtttagaagatgaaccgtaagcccaggctagaactgegggagcctactactcccacccttccgagggtt 
ggcqgcaggactgggcagctggcctacctacctttctgaatgctagggtaggt ttgaatca ccatgccgg 
ccLggcccgcttctgcccccattggcaccctggcttcagttccctggcaacetctctgtgtgtgtgtgtg 
tgtgtgagagagagagatcaggaggaacaagggcctctgtctgcccagcagttgtctctccttcagggct 
ctgccagactacacagtgcatacgtflggtttccacaggtcgtcteactecccgccactgjj«aactcc*g 
aac tccaceeccgt t c tc ag tgccacaaa t t tggtgccaaat tc tc tceagagaagcc c c tc tggaaact 
tec cagagga tccca t tc accccagggc cctagctectga tgac tgcaga tcagacaagggc tcaga t aa 
gcatactcc ccccccccc gta accccctcc ccacatataaacctacagttatgcttccgaggtcaaacac 
gcaactttttgggtgtgtgtgtatgtcagaaacacgcaattatttgggagctcaaagtctgccgcactca 
agaa tcatctc tcaccccct t tccaagacccg tgecat t tga gcaagagt tggggtgtgca t aatg tag t 
cac tagggggege t eggeca tcacggggagatcgtaact tgggegagecgag tc tgcgtgagggaggacg 
cgtgtttcaatgtgagtgcgtgcatgctgtgtgtgtgtgtgtagtgtgtgtg tgaggtgggggagaaagc 
caggggccactctaflrttgtccctatcctcatacgttcctgecagctctcegccttceaaccectaettte 
tcccatatcctgggaaagggaa t tgtct tagaccc tgtcegcatat aacc tcactc tee tgtctcccctg 
at tcccaatactc tggga ttcccagtgtgt tec tgageccat ttgaaggggtgcacaga taa 1 1 1 tgagg 
ccgtggaccctggtaaggggtttagctttTOatttcgcggtegtggcctaggOTCtceccgaaaggcggC 
gcctggctocaccagaecgt ccccggggcgggtetgggcggggc ttgggggtggagctagatttcetctt 
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tttcttccaccgctgttaccggtgaga'agcgeagaggcttggggcagccgagctgeagcgagegcgeggc 

+1 

actgggggegage tgageggcggcagcggagctctgtcgcgaga cgcagcgacaoggcagac tat cage g 
gactcaccagcccgggjagtetgtgctctgggatttgatatccaaaeetcttaatttttttttctcaaacfc 
gtattgttttacgctttaetttatttttgcttcctattcccctcttaaatcgtgccaacggtttgaggag 
gttggttcttcactccctcaaateacttcggattgtggeaatcagcogacg«aagaggtatcaagagctc 
cagagagaagtcaaggaagagagagagagaccggtcagagagagcgcgctggcgagcgaacagagagagg 
gaeaggggcaaag t tgac t tgacet tge 1 1 1 tggggg tgaccgccagagcgcggcgt gacc tccccc ttc 
gatcttgcatcggaccagtcgcgctgaeggacagacagacagacaccgcccccogccccagcgcceaeet 
cctcg«ggcgggctgccg*cggtggacgcggcggcg*gccgagaaaccgaagcccgcgeccggaggcgg 
gtggagggggtcggggctcgcgggattgcacggaaacetttcgtccaacttetgggctcttctcgctccg 
tagtagccgtggtctgcgccgcaggagacaaaccgatecggagetgggagaaggctagctcggccctgga 
gaggccggggcccgagaagagaggggaggaaggaagaggagagggggccacagt.gggcgctcggctctca 
ggagccgagetcatc^egggtgaggc^gct^gtgcgcagacagtgctccagccgcgcgcgcgccceafl 
gccccggcccgggcctcggttccagaagggAgaggagccegceaaggcgcgcaagagagcgggctgcccc 
gcagtccggagceggAgagagggagcgcgagccgccgcggceecggacggcctecgaaaee£5^ACTT 

mxom 1 QCCAAGgtaagcggtcgtgcccgtctgctgt tct 

t taetctt tgett tgteetcagTGOTCC KZOf 2 ATGMCgtgagtc teatgetet t taa t 

ggatccctgtt ctggtgtccctcccAcaeagTCfcTCA. . . .SKM 1 CATO 

CAGgtgggeacccgcggeAcaggggacgggg. . . . • atctgctccct ccc tc tacagATCATO 

tam 4 ATOCACgtgaggccagagct teacaeteagg cet t tctcta 

cccaccgcagACCAAA no* 5 AGAAAAgtaagtggecaegtgetagcattt 

tttctgtttttatattttecagAAAATC txom < «GCGTgt*cgttggtgccg 

etgctgtctaattccttg tttccttttgcctttttgcagTCACTOT BOW 7. . 

TTOCAGgttggtctecagagggcaagcaa tctctttgccatttcccatagATO 

8 



Fig. 3. Nucleotide sequence for mouse VEGF intron-exon bor- 
ders and the sequence surrounding the mouse VEGF transcrip- 
tion initiation site. Intron and UTR sequence is shown in lower case 
letters, coding sequence is shown in upper case letters, and the VEGF 
translation start and stop codons are boxed. An arrow indicates the 
initiation site of RNA synthesis and is designated + 1 . Consensus bind- 
ing sites for relevant transcription factors are marked as follows: AP-1, 
thin line, AP-2, heavy hatched line, NFkB, broken line, Spl . heavy line. 

mouse intron/ exon 6 

TAC GTT GGT GCC GCT GCT GTC TAA TTC CTT GGA GCC TTC CTG GTC... 
Y V G A A A V • 

human intron/exon 6 

TAC GTT GGT GCC CGC TGC TGT CTA ATG CCC TGG AGC CTC CCT GGC... 
YVGA RCCLM PWS LP C_ 

Fig. 4. Comparison of mouse exon-intron 6 with the corre- 
sponding region of human VEGF. The nucleotide insertion in the 
human sequence that creates a continuous open reading frame in 
VEGF 20G is marked. The translation stop codon present in the homol- 
ogous region of mouse VEGF genomic DNA is designated with an 
asterisk. Predicted amino acids are indicated below the nucleotide se- 
quence using a single letter format. 

of CI 271. Primer extension using poly(A)~ RNA was used as a 
negative control. After reverse transcription and denaturing 
gel electrophoresis, a single abundant primer extension prod- 
uct of 123 bp was detected in the mRNA from hypoxic cell 
cultures (Fig. 5£). As would be expected, significantly lower 
levels of reaction product were seen in mRNA from normoxic 
cultures or in poly (A) " RNA from normoxic and hypoxic cul- 
tures. The precise location of transcription initiation was de- 
termined by comparison of the migration of the extension prod- 
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Fig. 5. Primer extension analysis of the VEGF transcription 
start site. A. Northern blot analysis of total RNA from normoxic and 
hypoxic cultures of C 1271 demonstrating the differences in steady-state 
VEGF mRNA levels. B, primer extension products were separated by 
electrophoresis on a denaturing polyacrylamide gel along with a DNA 
sequencing ladder generated with the same oligonucleotide used for 
primer extension. Poly(A) + and poly(A)" RNA from normoxic (TV) or 
hypoxic {H) cultures of C 1 27 1 mouse mammary cells were used in the 
reactions. A single primer extension product was detected in the 
poly(A) + RNA, indicating the location of the transcriptional start site 
(the complementary nucleotide is shown by an asterisk). 



uct with a sequencing gel ladder generated using the same 
primer and is designated + 1 . Nucleotide sequence is shown for 
regions upstream of the mouse VEGF open reading frame 
including the 1.0-kb 5'-UTR and 1.2 kb of the proximal pro- 
moter region (Fig. 3). 

To determine if the sequences upstream of the transcription 
initiation site are sufficient to direct transcription, a 1.6-kb 
fragment, including 1.2 kb of 5'-flanking region and 0.4 kb of 
5'-UTR, was fused in both orientations to a promoterless lucif- 
erase transcription reporter gene and examined for the ability 
to mediate basal transcription. In addition, 5 '-deletions in the 
putative promoter region were also monitored for their effect on 
reporter activity. 

The murine astrocytoma cell line, C6, was transiently trans- 
fected with reporter constructs, and cell extracts were assayed 
for luciferase activity 48 h post-transfection. VEGF sequences 
fused to the reporter in the appropriate transcriptional orien- 
tation consistently produced a 7-fold increase in luciferase ac- 
tivity when compared to a promoterless luciferase construct 
(Fig. 6). In contrast, VEGF sequences fused in the opposite 
transcriptional orientation did not induce a significant level of 
reporter activity. Deletion of 445 or 770 bp from the 5'-end of 
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Fig. 6. Functional analysis of the mouse VEGF promoter. Rel- 
ative luciferase activities were obtained from transiently transfected 
VEGF promoter-luciferase constructs in C6 glioma cells. Schematic 
representation of assay constructs (see "Materials and Methods") is 
shown. All luciferase values were normalized for transfection efficiency, 
using placental alkaline phosphatase activity, and are expressed as the 
level of luciferase activity relative to the activity of the promoterless 
luciferase control plasmid pGL2 basic. Data shown are from duplicate 
analyses and are representative of five separate experiments. Within 
these five experiments, peak VEGF promoter activity varied from 7 to 
10-fold relative to negative controls. 

the promoter fragment resulted in a 25% decrease in reporter 
activity, whereas a 1.3-kb deletion, which removed putative 
promoter sequences and the transcriptional initiation site, re- 
duced luciferase activity to background levels. 

Identification of the VEGF Transcription Termination Re- 
gion — The region of transcriptional termination for VEGF was 
mapped by RNA hybridization and nuclease protection assays. 
First, to approximate the junction of the VEGF 3'-UTR and the 
3'-flanking region, genomic probes spanning the putative 3'- 
region of the VEGF gene were used in a slot blot hybridization 
analysis of mouse VEGF RNA (Fig. 7 A). Independent hybrid- 
ization of all three probes to the mouse RNA resulted in detect- 
able, though variable, signal (Fig. 7E). No signal was detected 
in hybridizations to a yeast tRNA negative control. Relative to 
probes A and B, probe C weakly hybridized to immobilized 
mouse RNA. From the dramatic decrease in hybridization sig- 
nal seen for probe C, it was predicted that this region of DNA 
spanned the junction of VEGF transcriptional termination and 
the non-transcribed 3 '-flanking region. 

Nuclease protection analysis of mRNA from C127I cells was 
used to obtain more precise information on the 3'-end of VEGF 
transcripts. A 2.2-kb radiolabeled antisense riboprobe was gen- 
erated from a genomic DNA template and hybridized to total 
RNA from hypoxic and normoxic cultures of Cl27r and a yeast 
tRNA negative control. Following nuclease digestion and elec- 
trophoretic separation of nuclease products, a 510-520-nucle- 
otide nuclease-resistant species was observed in hypoxic RNA 
hybrids (Fig. 7Q. The same protected fragment was observed 
from normoxic RNA hybrids after extended exposures of the 
analytical gel, reflecting the 10-20-fold differences in VEGF 
mRNA levels between normoxic and hypoxic cultures. The faint 
band of about 450 bp may reflect the existence of a less utilized 
alternative termination site. No product was seen in the yeast 
tRNA negative control. These data place the site of transcrip- 
tional termination approximately 510 bp downstream from the 
riboprobe terminus, leading to a 3'-UTR of approximately 
2.2 kb. 
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Fig. 7. Analysis of the mouse VEGF 3'-end. A, schematic of exon 
8 and corresponding flanking region. EcoRl (£), Smal (5), and Ncol {Nc) 
restriction sites are marked. Regions corresponding to 3'-UTR probes A. 
B, and C and the T7 -synthesized riboprobe are indicated. B, slot-blot 
hybridization analysis of 10 or 2 ug of mouse total RNA (m) and control 
yeast tRNA {$ with 3'-UTR probes. C, analysis of mung bean nuclease- 
digested CI 271 RNA/riboprobe hybrids. A 510-520-nucleotide diges- 
tion-resistant product is present solely in total RNA from hypoxic CI 271 
cultures. 



Identification of VEGF mRNA Destabilizing Sequences— We 
have previously demonstrated that VEGF mRNA from cells 
grown under normoxic conditions is highly unstable, with a 
half-life of <1 h (20). Whereas the average half-life of cellular 
mRNAs is approximately 8 h, the mRNAs for many growth 
factors and oncoproteins {e.g. granulocyte-macrophage colony 
stimulating factor, c-/os, c-myc) are unstable, with half-lives 
ranging from 20 to 60 min. The signals responsible for 
destablization of these mRNAs are most frequently located in 
the 3'-UTR (29, 32). 

To investigate if a determinant of mRNA destablization is 
present in the VEGF 3'-UTR, genomic sequences correspond- 
ing to this region, including the putative polyadenylation sig- 
nal, were fused to a neomycin (neo) reporter mRNA (designated 
LTR-VEGF). The VEGF 3'-UTR replaces SV40 DNA sequences 
that normally terminate the neo transcripts. The neolSVAQ 
mRNA fusion (designated LTR-neo) is normally quite stable, 
with a half-life of >8 h. The addition of destabilization se- 
quences from the 3' UTR of granulocyte-macrophage colony 
stimulating factor, c-fos, and c-myc to LTR-/7eomRNA has been 
shown to direct its rapid decay (29). 

Actinomycin D chase studies were used to compare the rate 
of decay for LTR-VEGF mRNA to that of LTR-neo mRNA 
(control) in the CI 271 mammary epithelial cell line. As ex- 
pected, the control LTR-neo mRNA remained stable through- 
out an 8-h period in the absence of transcription (Fig. 8). In 
contrast, LTR-VEGF fusion mRNA behaved similar to the en- 
dogenous VEGF mRNA, with both VEGF and LTR-VEGF 
transfectants undergoing rapid decay with half-lives of less 
than 1 h. Levels of endogenous /3-actin mRNA, a transcript with 
an average half-life, were relatively stable under each experi- 
mental condition over the time course of the experiment (33). 

DISCUSSION 

VEGF has been implicated as a multi-functional effector of 
vascular cell function. In addition to its well documented an- 
giogenic properties, VEGF is also a potent stimulator of leuko- 
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Fig. 8. The VEGF 3'-UTR contains a region that promotes 
destablization of a normally stable fusion mRNA. LTR-neo and 
LTR-VEGF transfectants (schematic of fusion mRNA constructs shown; 
see "Materials and Methods") were used to analyze neo fusion mRNA, 
VEGF mRNA, and /3-actin mRNA decay using an actinomycin D chase 
protocol. Time (h) after the addition of actinomycin D is marked above 
each lane. 



cyte migration, vascular permeability, and procoagulant func- 
tions in endothelium (34, 35). Moreover, the presence of 
significant VEGF mRNA and protein in various tissues of the 
adult suggests an additional role for VEGF in the maintenance 
of normal vascular cell integrity and/or behavior (4). How 
VEGF gene expression is regulated during the transition from 
periods of vascular quiescence to active vascular growth, re- 
modeling, and repair is not understood. To begin to investigate 
the structure-function relationships critical for the regulation 
of VEGF expression, we have characterized the mouse VEGF 
gene. 

Mapping the VEGF Transcriptional Unit—\Ne have isolated 
genomic clones encompassing the VEGF gene, as well as 1.2 kb 
of 5 '-flanking sequence and more than 25 kb of 3'-flanking 
sequence. Similar to the human gene, the mouse VEGF coding 
region is distributed across 8 exons, spanning 14 kb of genomic 
sequence. Exons 1 and 8 contain the translation start and stop 
codons, respectively, and the extensive UTR regions. Sequence 
data and primer extension analysis of the transcription initia- 
tion site indicate that the mouse VEGF gene, like the human, 
has an unusually large 5'-UTR of approximately 1.0 kb (22). 
The site of VEGF transcription termination had not been pre- 
viously defined for any of the VEGF genes; therefore, the size of 
the mouse 3'-UTR and approximate site of poly(A) addition 
were determined. Results from nuclease protection analysis 
revealed that the site of VEGF transcriptional termination is 
approximately 2.2 kb downstream from the end of the VEGF 
open reading frame. Including a 1.0-kb 5'-UTR, a coding region 
of 0.5-0.6 kb, and a 3'-UTR of 2.2 kb, the size of a VEGF 
transcript predicted by mapping data would be 3.7-3.9 kb, a 
size corresponding to the sizes of the most commonly observed 
VEGF transcripts (36). 

Genomic Organization of VEGF Splice Variants— Details of 
the exon-intron structure for mouse VEGF suggest that alter- 
native splicing generates the mRNAs that encode the 120-, 
164-, and 188-amino acid isoforms of VEGF similar to the 
human gene (22). Yet, unlike human VEGF, the sequence 
structure of mouse exon 6 does not support the existence of a 
mouse equivalent to the human VEGF 206 isoform. An in-frame 
stop codon is present in the mouse gene in the region corre- 



sponding to the human VEGF 206 open reading frame. If syn- 
thesized and translated, mouse VEGF splicing variants that 
include this region would be predicted to produce a novel, 
secreted VEGF protein isoform of approximately 16 kDa. The 
existence of this mRNA or protein has not been described. 

Since little is known about the physiological roles of the four 
VEGF isoforms, it is difficult to predict the functional signifi- 
cance of a divergence in isoform generation between humans 
and mice. The putative VEGF 206 isoform was identified using 
the polymerase chain reaction to amplify VEGF-related cDNAs 
and consists of an alternative splice variant with an extended 
exon 6 region that results in a 17-amino acid insertion relative 
to the VEGF 189 isoform. Analysis of VEGF synthesis, secretion, 
and bioactivity in vitro has revealed that an engineered 
VEGF 206 protein shares similar biochemical and functional 
properties with VEGF 189 , suggesting that these two isoforms 
could provide redundant biological functions (31). To date, the 
biochemical and biological descriptions of VEGF 20 6 nave been 
sparse and have relied on data obtained from the fusion of the 
N-terminal region of VEGF 165 to the partial VEGF 20 6 cDNA 
clone; the expression of native VEGF 206 mRNA or protein by 
tissue culture cells or in vivo has not been adequately 
described. 

VEGF Promoter Analysis — Similar to other growth-related 
genes, including human VEGF, consensus TATA and CCAAT 
sequences for RNA polymerase II-initiated transcription are 
absent from the mouse VEGF core promoter region. Instead, 
GC-rich regions resembling consensus binding motifs for Spl 
are situated approximately 50-80 bp upstream of the pre- 
dicted transcription start site in mouse VEGF. This organiza- 
tion is typical of the core region of many TATA-less promoters, 
which usually contain binding sites for sequence-specific tran- 
scriptional activators, frequently Spl, and an initiator element 
(Inr) that overlaps the region of RNA synthesis (37, 38). The 
nucleotide sequence surrounding the VEGF mRNA initiation 
site, AGAAGCGCA (underline designates first transcribed nu- 
cleotide) , does not conform to consensus Inr sequences; there- 
fore, an investigation of VEGF transcriptional initiation is 
likely to shed light on a novel "TATA-less" mechanism for basal 
gene transcription (39). 

Transient transfection assays indicate that a 1 .2-kb segment 
of 5 '-flanking region specifically directs the transcription of a 
reporter gene in VEGF-producing cells. Deletion of the 1.2-kb 
region, including the putative transcription initiation site, 
abolished promoter activity. Results from these functional 
analyses support transcript mapping and sequence analysis 
data that identify this DNA segment as the VEGF proximal 
promoter. 

Transfection of C6 rat glioma with constructs deleting either 
445 or 770 bp from the 5'-end of the 1.2-kb promoter region 
resulted in a similar 25% decrease in reporter activity, suggest- 
ing that cis-acting elements necessary for basal promoter ac- 
tivity in C6 cells reside in the 450-bp DNA segment deleted 
from the 5 '-end of the promoter fragment. Yet, a relevant 
promoter activity resides within the first 450 bp upstream to 
the VEGF gene. Further studies will be required to identify and 
characterize the cis- and trans-acting components necessary for 
both basal and inducible regulation of VEGF gene 
transcription. 

Sequence analysis of the 1.2-kb region, upstream of the tran- 
scription initiation site, revealed the presence of a number of 
potential cis-acting regulatory elements. Similar to the human 
VEGF gene, multiple consensus binding sites for AP-1 and 
AP-2 transactivating complexes are present. AP-1 activity has 
been shown to be stimulated by phorbol esters and growth 
factors, and both cAMP-dependent kinase and protein kinase C 
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pathways have been implicated in the activation of AP-2 (40, 
41). Phorbol esters, peptide growth factors, and intracellular 
elevation of cAMP also induce steady-state VEGF mRNA, sug- 
gesting that the AP-1 and AP-2 consensus sites present in the 
VEGF promoter may mediate VEGF transcriptional activation 
in response to these effectors (17, 21). In addition, studies from 
a number of laboratories indicate that in some cells transcrip- 
tional activation plays a role in the up-regulation of VEGF 
mRNA by hypoxia (42-44). Further, the site of transcriptional 
initiation and numerous regions within the proximal promoter 
of mouse VEGF share significant similarity in both sequence 
and organization with the human homologue. The conserved 
organization of transcriptional regulatory sequences within the 
two promoters may imply a critical role for these regions in the 
proper regulation of VEGF gene expression. In contrast, con- 
sensus sites for NFkB, a transactivator implicated in the reg- 
ulation of inflammation and stress response genes (45), are 
located 90 and 185 bp upstream of the initiation site in mouse 
VEGF, whereas NFkB consensus sites have not been identified 
in the human VEGF promoter. 

Control of VEGF mRNA Stability— In addition to transcrip- 
tional control of gene expression, the level of mRNA for many 
oncoproteins and cytokines is regulated by post-transcriptional 
control of mRNA stability. For the best-studied of these genes, 
including granulocyte-macrophage colony stimulating factor 
and c-myc, the 3'-UTR is primarily responsible for the control 
of mRNA stability (29, 32). Results from our analysis of VEGF 
mRNA stability indicate that the VEGF 3'-UTR functions in an 
analogous fashion. Fusion of genomic DNA, representing the 
VEGF 3'-UTR, to a normally stable neo reporter gene destabi- 
lizes the transcripts, reducing the half-life from >8 h to less 
than 1 h. In contrast, LTR-neo and endogenous 0-actin mRNAs 
were stable throughout the experimental time course, confirm- 
ing that specific cellular mRNAs are targeted for destruction. 

Experimental conditions that induce VEGF mRNA, such as 
phorbol ester treatment or hypoxia, are known to regulate 
mRNA stability (20, 32). Investigation of the cellular mecha- 
nisms controlling transcript stability suggest that certain 
mRNAs contain distinct structural elements for positive and 
negative regulation of mRNA stability. Specific destablization 
sequences vary considerably but usually consist of AU-rich 
elements in the 3'-UTR of unstable mRNAs (46). Multiple 
AU-rich regions exist throughout the 3'-UTR of mouse VEGF 
(data not shown) and represent potential candidates for desta- 
bilizing sequences. Less is known about sequences that selec- 
tively or inducibly promote mRNA stability. For the transferrin 
receptor, a well studied model of inducible mRNA stability, the 
3'-UTR contains a stem-loop sequence that interacts with in- 
ducible cellular factors to promote mRNA stability (47). During 
periods of iron starvation, RNA-protein interactions at the 
stem-loop sequence are dominant over the effects of a distinct 
region of AU-containing sequences, which otherwise trigger 
transferrin receptor mRNA degradation (48). Further investi- 
gation will be required to define sequences within the VEGF 
mRNA required for positive and negative regulation of post- 
transcriptional mRNA stability. 

The findings reported here provide a framework for the com- 
prehensive analysis of the regulation of VEGF expression and 
VEGF structure-function relationships. Such studies will be 
critical to understanding and eventually modulating the role of 
VEGF during physiological and pathological blood vessel 
growth. 
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Vascular endothelial growth factor (VEGF) is an ap- 
parently endothelial cell-specific mitogen that is struc- 
turally related to platelet-derived growth factor. By 
Northern blot and protein analyses, we show that 
VEGF is produced by cultured vascular smooth muscle 
cells. Analysis of VEGF transcripts in these cells by 
polymerase chain reaction and cDNA cloning revealed 
three different forms of the VEGF coding region, as 
had been reported in HL60 cells. The three forms of 
the human VEGF protein chain predicted from these 
coding regions are 189, 165, and 121 amino acids in 
length. Comparison of cDNA nucleotide sequences with 
sequences derived from human VEGF genomic clones 
indicates that the VEGF gene is split among eight exons 
and that the various VEGF coding region forms arise 
from this gene by alternative splicing: the 165-amino- 
acid form of the protein is missing the residues encoded 
by exon 6, whereas the 121-amino-acid form is missing 
the residues encoded by exons 6 and 7. Analysis of the 
VEGF gene promoter region revealed a single major 
transcription start, which lies near a cluster of poten- 
tial Spl factor binding sites. The promoter region also 
contains several potential binding sites for the tran- 
scription factors AP-1 and AP-2; consistent with the 
presence of these sites, Northern blot analysis demon- 
strated that the level of VEGF transcripts is elevated 
in cultured vascular smooth muscle cells after treat- 
ment with the phorbol ester 12-O-tetradecanoyl-phor- 
bol- 13- acetate. 



Many polypeptide mitogens such as basic fibroblast growth 
factor (bFGF) 1 and platelet-derived growth factor (PDGF) 
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are active on a wide range of different cell types. In contrast, 
the recently identified vascular endothelial growth factor 
(VEGF) is a mitogen primarily for vascular endothelial cells; 
it appears to be inactive on fibroblasts, keratinocytes, vascular 
smooth muscle cells, lens epithelial cells, corneal endothelial 
cells, adrenal cortical cells, and granulosa cells (Gospodarow- 
icz et al, 1989; Ferrara and Henzel, 1989). Consistent with its 
endothelial cell mitogenicity, VEGF has also been shown to 
be angiogenic in the chick chorioallantoic membrane assay 
(Plouet et al f 1989; Leung et al, 1989). 

VEGF was purified by Gospodarowicz et al (1989) and 
Ferrara and Henzel (1989) from the conditioned medium of 
bovine pituitary folliculo stellate cells, utilizing an endothelial 
cell proliferation assay to monitor the biological activity of 
the protein. Use of a completely different assay, the stimula- 
tion of vascular permeability in guinea pig skin, resulted in 
the identification of a vascular permeability factor in tumor 
ascites fluid and in the conditioned medium from several 
tumor cell lines such as guinea pig line 10 hepatocarcinoma 
cells and the human histiocytic lymphoma cell line U-937 
(Senger et al, 1983, 1986; Connolly et al., 1989a). Vascular 
permeability factor was subsequently found to be an angi- 
ogenic endothelial cell mitogen, and structural characteriza- 
tion by protein sequencing and cDNA cloning showed it to be 
identical to VEGF (Connolly et al, 1989a, 1989b; Keck et al, 
1989). The range of cell types producing VEGF has now been 
extended to include a rat glioma cell line GS-9L (Conn et al, 
1990a), a mouse neuroblastoma cell line NB41 (Levy et al, 
1989), and the mouse pituitary cell line AtT-20 (Plouet et al, 
1989). 

Purified VEGF is an approximately 46-kDa protein which 
dissociates upon reduction into two apparently identical 23- 
kDa subunits (Gospodarowicz et al, 1989; Ferrara and Henzel, 
1989; Connolly et al t 1989b). Analysis of cDNA clones re- 
vealed heterogeneity in the VEGF coding region, and pre- 
dicted the existence of 189-, 165-, and 121-residue forms of 
the mature human VEGF subunit, as well as 164- and 120- 
residue forms of the mature bovine VEGF subunit (Leung et 
al, 1989; Keck et al, 1989; Tischer et al, 1989). Recently, a 
164-residue form of the rat VEGF subunit has also been 
identified by amino acid sequencing and cDNA cloning (Conn 
et al., 1990b). Taking into account the single site in VEGF 
for iV-linked glycosylation, the 23-kDa subunit appears to 
correspond most closely to the size predicted for the 165 
(164) -residue chain. Comparison of the amino acid sequences 
predicted from the cDNA clones with protein databases 
showed that VEGF is distantly related to both the A and B 
chains of PDGF, with complete conservation of the 8 cysteines 
involved in inter- and intra-chain disulfides in PDGF. 

Here, we identify vascular smooth muscle (VSM) cells as 
an additional source of both VEGF mRNA and protein and 
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characterize the multiple VEGF mRNA forms observed in 
VSM cells by polymerase chain reaction (PGR) and by cDNA 
cloning. Comparison of the cDNAs with the structure of the 
cloned human VEGF gene reported here shows that the VEGF 

kb 

,. •..iff. 




Fig. I. Northern blot analysis of VEGF transcripts in fetal 
human VSM cells. Polyadenylated RNA (5 ng) was fractionated on 
a 1.2% agarose- formaldehyde gel and transferred to a Hybond-N 
nylon membrane. The membrane was probed with a 52 P-!abeled 0.35- 
kb EcoRY-HpnU coding region fragment isolated from the bovine 
VEGF cDNA clone, XST800 (Tischer et at., 1989). The hybridization 
was carried out in Rapid Hybridization Buffer (Amersham Corp.). 
The membrane was then washed at 52 °C in 0,15 M NaCl, 15 mM 
sodium citrate. 0.1% SDS prior to autoradiography. VEGF mRNA 
species of 5.5, 4.4, and 3.7 kb were detected. Sizes of RNA markers 
(GIBCO-Bethesda Research Laboratories) are given in kilobases. 



protein coding region is split among eight exons and that the 
three forms of the coding region arise by alternative exon 
splicing. The intron-exon pattern determined for the VEGF 
gene is somewhat related to that of the genes encoding the 
PDGF A and B chains. 

EXPERIMENTAL PROCEDURES 

RNA Isolation and Northern Blot Analysts— Fetal human VSM 
cells (Gospodarowicz, 1990) were grown to confluence in Duibecco's 
modified Eagle's medium (DM£M) containing 10% fetal bovine 
serum, 2 mM L-glutamine, 50 units/ml penicillin, and 50 /^g/ml 
streptomycin sulfate; during growth of the cells, the medium was 
.supplemented every other day with 1 ng/m\ bFGF- U-937 cells ob- 
tained from the American Type Culture Collection (ATCC CRL 1593) 
were cultured in RPMI 1640 containing 10% fetal bovine serum, L- 
glut amine, and antibiotics as above to a density of 4 x 10* cells/ml. 
The U-937 cells were then diluted in growth medium to a density of 
5 x I0 r> cells/ml and incubated with 20 ng/ml 12-O-tetradecanoyl- 
phorbol-13-aeetate (TPA) for 3 days prior to RNA isolation. 

To examine the effect of phorbol ester treatment on the level of 
VEGF transcripts in the fetal human VSM cells, 20 ng/ml of TPA 
were added to flasks of these cells at 3 days post-confluence (and 3 
days past the last addition of bFGF). RNA was harvested from the 
cells either prior to TPA addition (control) or at various time intervals 
after TPA addition. 

Total RNA was isolated from the cells by the guanidine thiocyanate 
method (Chirgwin et al, 1979)- Polyadenylated RNA was obtained 
by fractionation of the total RNA on oligo(dT) -cellulose (Type 3; 
Collaborative Research Inc.), Aliquots of total or polyadenylated 
RNA were subjected to denaturing electrophoresis on agarose-form- 
aldehyde gels (Lehrach et oi, 1977) and transferred to either nitro- 
cellulose filters (Schleicher & Schuell) or Hybond-N nylon mem- 
branes (Amersham Corp.), prior to hybridization to the nick -trans- 
lated probes noted in the figure legends. 

Protein Purification— Primary cultures of adult bovine VSM cells 
derived from the aorta were established as described previously (Gos- 
podarowicz et al 7 1977, 1988). For large-scale culture of the cells in 
530 -cm 2 plates, seeding was at an initial cell density of 6 x 10 K cells/ 
plate in DMEM supplemented with 0.25 pg/ml Fungizone, 50 ng/m\ 
^entnmicln, 10% calf serum, and 1 ng/ml bFGF. Continent mono- 
layers were washed twice with DMEM alone prior to the addition of 
150 ml/plate of DMEM supplemented with 2.5 pg/ml Fungizone. 50 
tig/ml gentamicin, 5 j/g/ml insulin, 10 pg/ml transferrin, and 0.1 ng/ 
ml bFGF. After 48 h, culture fluids were collected and replaced with 
the same amount of fresh serum- free medium. Collections were made 
for two weeks without visible deterioration of the monolayer. VEGF 



70 80 »0 

GIu Cys Val Pro Thr 31 u Glu S«s Mft lift Thr Hat Cln IU H*t Arg Ho Lya Pro His Gin Gly Gin Hi» U« 

PCR-l aagctt gag W ?t.g ccc act gag 949 tec aac ate «ec atg c«g ATT ATG CM ATC AAA CCT CAC CAA CGC CAC CAC ATA 

3PC * -2 **QCl% 9*9 tgt 9t9 etc a«t 9a g 909 tec uc «t<s acc atg cag ATT ATG CGG ATC AAA CCT CAC CAA GGC CAG CAC ATA 

PCR- J oaqctt 9*9 tgt 9t9 cec act 949 gag tee »*c ate «ec atg <ag ATT ATG COG ATC AAA CCT CAC CAA CGC CAG CAC ATA 

100 110 
Gly Glu Mat Sor Pha Lau Clr. Kl» A»n Lya Cys Glu Cy* Arg Pro Lys Lys Asp Arg Ala Arg Gin Glu Lys Lys Sar Val 
PCR-l OCA GAG ATG AGC TTC CTA CAG CAC AAC AAA TGT GAA TGC AGA CCA AAC AAG CAT AGA GCA AGA CAA GAA AAA AAA TCA GTT 

PCR-2 GGA GAG ATG AGC TTC CTA CAG CAC AAC AAA TGT GAA TGC AGA CCA AAC AAA GAT AGA GCA AGA CAA GAA AA 

PCR-3 GGA GAG ATG AGC TTC CTA CAG CAC AAC AAA TGT GAA TGC AGA CCA AAG AAA GAT AGA GCA AGA CAA GAA AA 

* 

120 130 140 
Arg Gly Lya Gly Lys Gly Gin Lys Arg Ly* Arg Lya Lya Gar Arg Tyr Lys 3*r Trp Snr Val Pro Cys Gly Pro Cya S*r 
PC3t-l CCA GGA AAG GGA AAG GGG CAA AAA CCA AAG CGC AAG AAA TCC CCG TAT AAG TCC TGC AGC GTT CCC TGT GGG CCT TGC TCA 
PCR-2 T CCC TGT GGG CCT TGC TCA 

i£fl 1«0 1TC 

Glu Arg Acg Lya His tcu Ph« V«l Gin Asp Pro Cln The Cys Ly» Cys Sar Cys T.ya Asn Thr Aap Gar Arg Cys Lyo Al* 
PCR-1 GAG CGC AGA AAC CAT TTC TTT CTA CAA CAT CCC CAG ACG TCT AAA TGT TCC TGC AAA AAC AC A CAC TCC CCT TGC AAC GCG 
SCSI-2 GAG CGG AGA AAG CAT TTG TTT GTA CAA GAT CCG CAG ACG TGT AAA TGT TCC TGC AAA AAC ACA GAC TCC CGT TGC AAG CCS 

PCR-3 — - - 

Arg Gin Loo Glu L«u Asn Glu Arg Thr Cys Arg Cys Asp Lys Pro Arg Arer . 

PCR-1 AGC CAG CTT GAG 7TA AAC CAA C«T ACT TGC AGA tgt g«c sag ccg *gg egg tg* qeegqgcoggagc aagctt 

PCS -2 AGG CAG CTT GAG TTA AAC GAA C«T ACT TGC AGA tgt gac *ag ecg agg egg tga gecgggc«gg*gca«actt 

PCR-J — - A tgC gsc «Ag ccg jgg egg tgj g c cgg9 gga K /Ht^crt 

Flo. 2. DNA sequences of products obtained from PCR amplification of the variable (carboxyl- 
terminat) portion of the VEGF coding region in fetal human VSM polyadenylated RNA. The PCR 
products shown have the sequences expected for amplified copies of the car boxyl -terminal portion of the coding 
regions for VEGF,*, (PCR- 1 ), VEGF 1W (PCR-2), and VEGF, ai [PCR-3). Primer sequences are shown in lower case 
letters, with the //mdlll sites underlined. Dashes in the amplified sequences indicate nucleotides missing in PGR- 
2 and PCR-3 when compared with PCR-l. Predicted amino acids are numbered as in Keck et ai (1989) for the 
189-residue form of VEGF (the PCR-2 nucleotide sequence encodes an asparagine at amino acid position 116. 
rather than lysine as in PCR-l and PCR-3). The asterisk indicates an apparent polymorphism in the codon 
encoding amino acid 108. 
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Fig. 3. Human VEGF gene structure. A , extents of the genomic 
DNA inserts contained in the clones X4 and A 15. B, restriction map 
of the human VEGF gene and flanking regions, as established from 
clones X4 and XI 5. Sites are marked for the enzymes £coRI (R), 
HindUl (//), and BamHI (B). The locations of exons 2-7 and of the 
coding region portions of exons 1 and 8 are indicated. C, the 189-, 
165-, and 121-amino acid (aa) forms of VEGF arise by alternative 
splicing. Amino acids in each form are numbered below the schematic 
diagrams, starting with the mature amino terminus. The signal pep- 
tide is indicated by solid shading. Exon 6, which is only present in 
VEGFi 89> is marked by cross-hatching; exon 7, present in VEGFigg 
and VEGFiss, is indicated by diagonal lines. 

protein was partially purified from the conditioned medium by a 
combination of heparin -Sepharose affinity chromatography and C< 
reversed-phase high-performance liquid chromatography (HPLC) as 
described (Gospodarowicz et al, 1989). The proteins in the peak 
activity fractions from the HPLC column were electrophoresed on a 
reducing 12.5% acrylamide, sodium dodecyl sulfate (SDS) gel (Laem- 
mli, 1970), transferred to a polyvinylidene difluoride membrane (Mil- 
lipore), and sequenced on an Applied Biosystems 477 A gas-phase 
protein sequencer with an on-line model 120A PTH Analyzer for 
amino acid identification. 

PCR Analysis — By using the antisense primer 5' GCCA- 
AGCTTGCTCCTGCCCGGCTCACCGCCTCGGCTTGTCACA 3' 
and a cDNA synthesis kit (Boehringer Mannheim), cDNA was syn- 
thesized from 5 fig of fetal human VSM cell polyadenylated RNA. 
Following first strand cDNA synthesis, the reaction was extracted 
with phenol and chloroform and precipitated with ethanol. The cDNA 
was then amplified by 30 rounds of PCR (Saiki et aL, 

1988) in a Perkin-Elmer Cetus DNA Thermal Cycler using the 
antisense primer above and a sense strand primer, 5' GCCAAGCT- 
TGAGTGTGTGCCCACTGAGGAGTCCAACATCACCATGCAG 
3'. Each primer contained a HmdIII site near its 5' end, and the 
products of the PCR were digested with HmdIII prior to fractionation 
on a 3% agarose gel. Fragments detected by ethidium bromide staining 
of the gel were eluted and cloned into the HindHI site in Ml3mpl8 
(Yanisch- Perron et al., 1985) for sequence analysis by the dideoxy- 
nucleotide method (Sanger et aL, 1980). 

Isolation of Genomic Clones — A human lung fibroblast genomic 
library in X FIX (Stratagene) was screened on nitrocellulose filters 
by hybridization to the 789-base pair (bp) cDNA insert in clone 
XST800, which encodes a portion of bovine VEGF120 (Tischer et aL, 

1989) . Hybridization was overnight at 37 'C in 40% formamide, 50 
mM HEPES, pH 7.0, 0.1% Ficoll, 0.1% polyvinylpyrrolidone, 0.1% 
bovine serum albumin, 0.75 M NaCl, 75 mM sodium citrate, and 50 
Mg/ml sheared salmon sperm DNA. The filters were washed at 50 "C 
in 0.15 M NaCl, 15 mM sodium citrate, 0.1% SDS. An additional 
screening to search for the 5' -most coding region of VEGF was carried 
out with a -^P-labeled 54-base oligonucleotide, 5' CTCTCTTGGG- 
TACATTGGAGCCTTGCCTTGCTGCTCTACCTTCACCATGCC 
A AG 3', designed based on the sequence of a bovine cDNA clone 
generated by primer extension across the 5' end of the bovine VEGF 
coding region. Hybridizations with the oligonucleotide and filter 
washes were as above, except that the hybridizations were carried out 
at room temperature in buffer lacking formamide. DNA from hybrid- 
izing phage was purified and subcloned into appropriate M13 cloning 
vectors for nucleotide sequencing (Sanger et aL, 1980) of both strands. 

Primer Extension Analysis— Two synthetic antisense oligonucleo- 
tides, 5117 (5' CCTCTTTCTGCTGGTTTCCAAAATCCACAG 3') 
and 5118 (5' CCTCGACTTCTCTCTGGAGCTCTTGCTACC 3'), 
were labeled with [7- 32 P]ATP and polynucleotide kinase to 5 X 10" 



cpm/ng. In each primer extension reaction, approximately 5 X 10 s 
cpm of one of the oligonucleotides was co-precipitated in ethanol with 
1 fig of U-937 cell polyadenylated RNA. In control reactions, the 
oligonucleotides were co- precipitated with 4 ^g of U-937 RNA which 
had been depleted of polyadenylated RNA by passage over oligo(dT)- 
cellulose. The samples were resuspended in 50 pi of 40 mM PIPES, 
pH 6.4, 0.4 m NaCl, 1 mM EDTA, heated to 95 °C for 5 min, and 
annealed at 50 8 C for 8 h. Following precipitation with ethanol, the 
samples were resuspended in 60 /d of 33 mM KC1, 9 mM MgCl 2 , 40 
mM Tris-Cl, pH 8.5, and 0.7 mM each dATP, dCTP, dGTP, and 
dTTP. RNasin (60 units) and avian myeloblastosis virus reverse 
transcriptase (25 units; Boehringer Mannheim) were then added, and 
the reactions were incubated at 42 *C for 45 min. After extraction 
with phenol and chloroform and precipitation with ethanol, the 
products of each reaction were fractionated on a 6% polyacrylamide, 
8 M urea gel alongside the products of a set of dideoxy sequencing 
reactions. The dideoxy sequence ladder was generated from a genomic 
subclone containing the 5' end of the VEGF gene, using as a sequenc- 
ing primer the same oligonucleotide as was used for the primer 
extension. 

RESULTS 

Synthesis of VEGF in Cultured Vascular Smooth Muscle 
Cells—Since VSM cells are in close proximity to endothelial 
cells in blood vessels, we sought to determine whether they 
represent a potential source of VEGF activity that could act 
in a paracrine fashion on the vascular endothelium. Messen- 
ger RNA was isolated from fetal human VSM cells and found 
by Northern blot analysis (Fig. 1) to contain VEGF tran- 
scripts of 5.5, 4.4, and 3.7 kilobases (kb). This result is in 
contrast to the reports that bovine pituitary folliculo stellate 
cells contain only a 3.7-kb mRNA (Leung et aL, 1989) or 
4.2-, 3.7-, and 3.4-kb mRNAs (Tischer et aL, 1989), whereas 
U-937 cells express an approximately 3.8-kb transcript (Keck 
et al, 1989). VEGF transcripts were not detected in similar 
blots using polyadenylated RNA isolated from cultured cap- 
illary endothelial cells (data not shown). 

To confirm that VSM cells are capable of producing VEGF 
protein as well as mRNA, conditioned medium was collected 
from bovine VSM cells, and the endothelial cell mitogen 
present in the medium was purified using heparin-Sepharose 
chromatography and C 4 reversed-phase HPLC, followed by 
electrophoresis on a 12.5% acrylamide, SDS gel. The proteins 
fractionated on the gel were transferred onto a polyvinylidene 
difluoride membrane, and the region of the membrane carry- 
ing a protein migrating at the same apparent molecular weight 
as bovine pituitary folliculo stellate cell VEGF (Gospodarow- 
icz et aL, 1989) was excised for sequencing. The amino- 
terminal sequence of the protein on the membrane was deter- 
mined to be Ala-Pro-Met-Ala-Glu-X-Gly-Gln-, in agreement 
with the amino-terminal sequence reported previously for 
bovine VEGF (Ala-Pro-Met-Ala-Glu-Gly-Gly-Gln-; Gospo- 
darowicz et aL, 1989; Tischer et aL, 1989; Leung et aL, 1989). 

Expression of Multiple Forms of the VEGF Coding Region 
in VSM Cells — A cDNA clone encoding the 189-amino acid 
form of human VEGF (VEGFisg) has been isolated from U- 
937 cells (Keck et aL, 1989), whereas cDNA clones encoding 
VEGF189 and the 165- and 121-amino acid forms of human 
VEGF (VEGF 165 and VEGF121) have been isolated from phor- 
bol ester-activated HL60 cells (Leung et aL, 1989), Compared 
with VEGF121, VEGFies has an extra 44 residues located six 
amino acids from the carboxyl terminus, and VEGFi 89 has an 
additional 24 amino acids located immediately upstream of 
the 44- residue insert. To investigate the occurrence of this 
VEGF coding region heterogeneity in a cell type other than 
the promyelocyte leukemia HL60 cells, a bovine VEGF cDN A 
probe (Tischer et aL, 1989) was used to isolate multiple VEGF 
clones from a fetal human VSM library. Although many of 
these clones were found by nucleotide sequence analysis to be 
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-3 400 gaattctgtgccctcactcccctggatccctgggcaaagccccagagggaaacacaaacaggttgttgtaacacaccttgctgggtaccaccatggaggacagttggctt 

- -3290 atgggggtggggggtgcctggggccacggagtgactggtgatggctatccctccttggaacccctccagcctcctcttagcttcagatttgtttatttgttttctactaa 

-3180 gacctgctctttcaggtctgttggctcttttaggggctgaagaaggccgagttgagaagggatgcaagggagggggccagaatgagcccttagggctcagagcctccatc 

-3070 ctgccccaagatgtctacagcttgtgctcctggggtgctagaggcgcacaaggaggaaagttagtggcttcccttccatatcccgttcatcagcctagagcatggagccc 

• * * " * * * ■ * * " 

-2960 aggtgaggaggcctgcctgggagggggccc tgagccag gaaataaacatttactaactgtacaaagaccttgtccctgctgctggggagcctgccaagtggtggagacag 

• • * ■ • • • « * • • 

-2850 gactagtgcacgaatgatggaaagggagggttggggtgggtgggagccagcccttttcctcataagggccttaggacaccataccgatggaactgggggtactggggagg 

• * * ■ • » ♦ * • ♦ • 

-2740 taacctagcacctccaccaaaccacagcaacatgtgctgaggatggggctgactaggtaagctccctggagcgttttggttaaattgagggaaattgctgcattcccatt 
-2630 ctcagtccatgcctccacagaggctatgccagctgtaggccagaccctggcacgatccgggtggataatcagactgactggcctcagagccccaactttgttccctgggg 

• • • ■ * ■ • ■ ■ * ■ 

-2520 cagcctggaaatagccaggtcagaaaccagccaggaatttttccaagctgcttcctatatgcaagaatgggatgggggcctttgggagcacttagggaagatgtggagag 

-2410 ttggaggaaaagggggcttggaggtaagggaggggactgggggaaggataggggagaagctgtgagcctggagaagtagccaagggatcctgagggaatgggggagctga 

-2300 gacgaaacccccatttctattcagaagatgagcta tgagtct gggcttgggctgatagaagccttggcccctggcctggtgggagctctgggcagctggcctacagacgt 

-2190 tccttagtgctggcgggtaggtttgaatcatcacgcaggccctggcctccac |ccgccq ccaccagccccctggcctcagttccctggcaacatctggggttgggggggca 

• ■ m « ■ • • • • ■ ■ 

-2080 gcaggaacaagggcctctgtctgcccagctgcctccccctttgggttttgccagactccacagtgcatacgtgggctccaacaggtcctcttccctcccagtcactgact 
-1970 aaccccggaaccacacagcttcccgttctcagctccacaaacttggtgccaaattcttctcccctgggaagcatccctggacacttcccaaaggaccccagtcactccag 

» • ■ ■ • ■ ■ • » • ■ 

-1860 cctgttggctgccgctcactttgatgtctgcaggccagatgagggctccagatggcacattgtcagagggacacactgtggcccctgtgcccagccctgggctctctgta 

-1750 catgaagcaactccagtcccaaatatgtagctgtttgggaggtcagaaatagggggtccaggagcaaactccccccaccccctttccaaagcccattccctctttagcca 

-164 0 gagccggggtgtgcagacggcagtcactagggggcgctcggccaccacagggaagctgggtgaatggagcgagcagcgtcttcgagagtgaggacgtgtgtgtctgtgtg 

-1530 ggtgagtg^gtgtgtgcgtgtggggttgagggtgttggagcggggagaaggc^ 

-1420 ccggctct ccgccttcccctgcccccttcaatattcctagcaaagagggaacggctctcaggccctgtccgcacgtaacctcactttcctgctccctcctcgccaatgcc 

-1310 ccgcgggcgcgtgtctctggacagagtttccg g|gggcgl} atgggtaattttcaggctgtgaacctt,ggtgggggtcgagcttccccttcattgcggcgggctgcgggcca 

-1200 ggcttcactgggcgtccgcagagcccgggcccgagccgcgtgtggaggggctgaggctcgcctgtcc pcgcc^ 

-1090 agccatgcgcccccccctttt^tttttaaaagtcggctggtagcggggaggaTCG^ 

- 980 AGCGCTCTGTCGGGAGGCGCAGCGGTTAGGTGGACCGGTCAGCGGACTCACCGGCCAGGGCG^ 

- 870 TTTTTTCTTAAACATTTTTTTTTAAAACTGTATTGTTTCTCGTTTTAATTTATTTTTGCT^ 

- 760 TCCCCAAATCACTGTGGATTTTGGAAACCAGCAGAAAGAGGAAAGAGGTAGCAAGAGCTCCAGAGAGAAGI^ 

- 650 GTGCGAGCAGCGAAAGCGACAGGGGCAAA GTGAGTGAC CTGCTTTTGGGG 

- 540 CTGACGGACAGACAGACAGAC AfrCGCC& CAGCCCCAGCTACCACC^^ 

- 430 GCCCGGAGGCGGG<5TGGAGGGGGTCGGGGCTCGCGGCGTCGCACTGAAACTTTTCGTCCAACTTCTGGGCTGTTCTCGCT 

- 320 CCGAGCCGAGCGGAGCCGCGAGAAGTGCTAGCTCGGGCCGGGAGGAGC^ 

- 210 CTCGGCGCTCGGAAGCCGGGCTC^T^ACGGGTGAGGCGGCGGTGT^ 

-26 

• . • . i— '■ ■ - j ..... Met Asn 

- 100 AAGAGTAGCTCGCCGAGGCGCCGAGGAGAGCGG GpCGCOfc ^ ATG AAC 

-20 

Phe Leu Leu Ser Trp Val His Trt 



10 

isn His His Glu V 

tAT CAT CAC GAA G gtgagtccccctggctg 

30 

:ys His Pro lie Glu Thr Leu Val Asp 
catcgcctctcatgcag TG GTG AAG TTC ATG GAT GTC TAT CAG CGC AGC TAC TGC CAT CCA ATC GAG ACC CTG GTG GAC 

40 Kzon3 50 60 



Ezonl 

Ser Leu Ala 
AGC CTT GCC 


Leu 
TTG 


Leu 
CTG 


Leu 
CTC 


-10 
Tyr 
TAC 


Leu 
CTC 


His 
CAC 


His 
CAT 


-1 
Ala 
GCT 


1 

Ala 
GCA 


Pro 

CCC 


Met 

ATG 


Ala 
GCA 


Sxon2 

Glu Gly 
GAA GGA 


Gly 
GGA 


Gly 
GGG 


Gin 
CAG 


Lys 
AAG 


Phe 

TTC 


Met 
ATG 


Asp 

GAT 


20 
Val 
GTC 


Tyr 
TAT 


Gin 
CAG 


Arg 

CGC 


Ser 
AGC 


Tyr 
TAC 


lie 
ATC 


Glu 
GAG 


Tyr 
TAC 


Zxon3 
lie Phe 
ATC TTC 


Lys 
AAG 


Pro 
CCA 


50 
Ser 
TCC 


Cys 
TGT 


Val 
GTG 


70 
Pro 
CCC 


Thr 
ACT 


Glu 
GAG 


Glu 
GAG 


Ser 
TCC 


Asn 
AAC 


He 
ATC 


Thr 
ACC 


Met 
ATG 


Gin 
CAG 


Pro 

CCT 


His 
CAC 


Gin 
CAA 


Gly 
GGC 


Gin 
CAG 


90 
His 
CAC 


He 
ATA 


Xxon4 

Gly Glu Met 
GGA GAG ATG 




ctccctacccattgcag % 


Pro 
CCA 


Lys Lys 
AAG AAA 


Asp 
GAT 



He Phe Gin Glu 
ATC TTC CAG GAG TAC CCT GA! 

Asn Asp Glu Gly Leu Glu Cy: 
AAT GAC GAG GGC CTG GAG TGT 

80 90 Zxont 100 

He Met Arg lie Lys Pro His Gin Gly Gin His He Gly Glu Met Ser Phe Leu Gin His Asn Lys cy: 
ttcctttccag ATT ATG CGG ATC AAA CCT CAC CAA GGC CAG CAC ATA GGA GAG ATG AGC TTC CTA CAG CAC AAC AAA TGT GAA 

110 ExonS As 

Arg Ala Arg Gin Glu Ly 
AGA GCA AGA CAA GAA AA 

120 Kxon6 130 



n 140 

Lys Ser Trp Ser Va 1 Pro 

AAG TCC TGG AGC GT gtacgttggtgcccgct cttttgcetttttgcag T CCC 

150 160 
His Leu Phe Val Gin Asp Pro Gin Thr Cys Lys Cys Ser C 
CAT TTG TTT GTA CAA GAT CCG CAG ACG TGT AAA TGT TCC T 

180 



Lys 
AAG 


Arg 

CGC 


Lys Lys 
AAG AAA 


Ser 
TCC 


Arg 

CGG 


Pro 
CCT 


Cys 
TGC 


Ser Glu 
TCA GAG 


Arg 

CGG 


Arg 
AGA 


170 
Cys 
TGC 


Lys 
AAG 


Ala Arg 
GCG AGG 


Gin 
CAG 


Leu 
CTT 


Asp 
GAC 


BxonS 

Lys Pro Arg 
AAG CCG AGG 


189 
Arg 
CGG 


* 

TGA 



GCCGGGCAGGAGGAAGGAGCCTCCCTCAGGGTTTCGGGAACCAGATCTCTCAC 

Fig. 4. Partial nucleotide sequence of the human VEGF gene. Nucleotides present in mature VEGF 
transcripts are shown in upper case letters; nucleotides present in the 5' -flanking region and introns are in lower 
case. Amino acids are numbered from the alanine residue corresponding to the amino terminus of the mature 
protein, and nucleotides are numbered from the translation start site. Regions closely matching transcriptional 
control consensus sequences are indicated as follows: solid boxes, Spl (5' GGGCGG 3' or 5' CCGCCC 3'); 
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FlG, 5. Mapping of the VEGF transcriptional start site in 
U-937 cells. A, Northern blot analyses of total RNA (25 /ig/Iane) 
from U-937 cells. The RNA was fractionated on a 1.0% agarose- 
formaldehyde gel and transferred to nitrocellulose. The lanes were 
probed with one of three restriction fragments; Pi (a 325-bp Sspl- 
Ahalll fragment, nucleotides -1388 to -1064); P2 (a 216-bp Ahalll 
fragment, nucleotides -1063 to -848); and P3 (a 284-bp Ahalll- 
BamRl fragment, nucleotides -847 to —564). Each of the probes was 
nick-translated to an approximately equal specific activity. Hybridi- 
zation conditions were as described for the genomic library screening, 
except that 50% formamide was used. Washes were carried out at 
50 *C in 15 mM NaCl, 1.5 tnM sodium citrate, 0.1% SDS t prior to 
autoradiography. The control lane {lane C) was probed with a cDNA 
corresponding to the complete coding sequence for VEGFj^. B, primer 
extension analysis of VEGF mRNA. The primer extension products 
generated using oligonucleotide 5117 or 5118 were fractionated along- 
side a DNA sequencing ladder primed by the same oligonucleotide as 
was used for the primer extension. The location of the major primer 
extension product in each case is indicated by an arrow, and the A 
nucleotide complementary to the transcriptional start site (nucleotide 
—1038) is indicated by an asterisk. The primer extension products 
were not observed in reactions using control RNA (U-937 RNA that 
had been depleted of polyadenylated RNA by passage over an 
ol i go (dT) -cellulose column), 

copies of partially unspliced mRNAs, the sequence analysis 
showed that the spliced portions of the clones represented 
copies of three different sequences, corresponding to the cod- 
ing regions for VEGF J8 9, VEGF 165 , or VEGF m (data not 
shown). 




FlG. 6. Northern blot analysis of polyadenylated RNA iso- 
lated from untreated {Control) fetal human VSM cells and 
from cells treated for various time periods with TPA. A, VEGF 
transcripts detected in the RNA samples. The experimental proce- 
dures used were as in Fig. 1. Before blotting, the fractionated RNAs 
in the gel were stained with ethidium bromide to confirm that 
approximately equal amounts of RNA were loaded in each lane. The 
migration positions of the 28 and 18 S ribosomal RNA species in the 
samples are indicated to the left of the autoradiogram. B, level of 
cyclophilin RNA transcript in the RNA samples. To further confirm 
that the gel lanes were loaded with similar amounts of RNA, the 
Northern blot membrane in A was reprobed for the level of the 
constitutively expressed cyclophilin RNA (Sternfeld et aL, 1988) 
encoded by the 1B15 cDNA. 

The occurrence of the coding region heterogeneity in the 
fetal human VSM cells was confirmed by PCR analysis. In 
this experiment, oligonucleotides flanking the variable (carb- 
oxyl-terminal) portion of the coding region were used to prime 
a PCR synthesis from fetal human VSM single-stranded 
cDNA. The various products of the PCR reaction visible after 
agarose gel electrophoresis and ethidium bromide staining 
were excised from the gel, subcloned into Ml3mpl8, and 
sequenced. This analysis revealed three products that had the 
sequences predicted for the PCR copies of the VEGF lSi >, 
VEGFuy>, and VEGF m coding regions (Fig. 2). 

Like HL60 cells, then, cultured fetal human VSM cells 
express three different forms of the VEGF coding region. 



bold underlines, AP-1 (5' TGAC/GTCA 3'); bold overlines. AP*2 (5' CCCCAGGC 3'); double overline, nuclear 
factor I (5' GCCAAT 3'; Mitchell and Tjian, 1989); double underline, heat shock (5' CXXGAAXXTTCXXG 3': 
Bienz and Pelham, 1986). The dashed box in the 5'-untranslated region marks the upstream ATG codon. The 
major site of transcription initiation as identified by primer extension analysis is indicated by a bent arrow. 
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FlC. 7. Comparison of the intron-exon structure of the 
VEGF gene with those of the PDGF A and B chain genes. The 
number of each exon is given above each gene structure; coding 
regions are marked by diagonal lines and untranslated regions by 
open boxes. The precise lengths of the 3 '-untranslated regions of 
PDGF A and VEGF are not known. Numbers between the exons 
refer to the size of each intron in kilobases. Both the normal and 
alternative exon splicing patterns are shown. The scale refers to the 
exon sequences only. Data for the PDGF A and B chains are from 
Rao et al (1986) and Bonthron et at (1988). 

Similar PCR analyses using bovine folliculo stellate cell sin- 
gle-stranded cDNA as the template showed only the products 
corresponding to VEGF 164 and VEGF 120 (Tischer et aL, 1989), 
consistent with the fact that VEGF cDNA clones encoding a 
bovine equivalent to the 189-amino acid human form were 
not isolated from bovine folliculo stellate cDNA libraries 
(Leung et aL, 1989; Tischer et aL, 1989). This may be due to 
the different cell types analyzed, or it may indicate a species 
difference between human and bovine VEGF. 

Isolation and Characterization of Human VEGF Genomic 
Clones — Two bacteriophage X clones spanning portions of the 
human VEGF gene were isolated from a human lung fibroblast 
genomic library, using as probes either a bovine VEGF cDNA 
fragment or a synthetic oligonucleotide corresponding to the 
coding region for a portion of the secretion signal of bovine 
VEGF. The restriction enzyme maps for these two clones, X4 
and X15, were determined for the enzymes JfmdlH, EcoRI, 
and BamHl by a combination of single and double digests 
(Fig. 3). Restriction fragment lengths predicted from the maps 
were confirmed by Southern blot analysis of human genomic 
DNA (data not shown). The two genomic clones overlap (both 
contain exon 2) and define a contiguous stretch of approxi- 
mately 28 kb. The coding domain for human VEGF is con- 
tained within approximately 14 kb. 

The coding domains, intron-exon junctions, 5 '-untrans- 
lated region, putative promoter region, and part of the 3'- 
untranslated region were sequenced (Fig. 4). A comparison of 
the sequence of the gene with that of the human cDNAs 
isolated previously (Keck et al, 1989; Leung et c/., 1989), and 
characterized here from fetal human VSM cells, indicates that 
the coding sequence is interrupted by seven introns. The 
sequences of all intron-exon boundaries conform to the con- 
sensus splicing signals (Breathnach and Chambon, 1981). The 
locations of all of the exons except exons 6 and 8 on the 
genomic map shown in Fig. 3 were established directly from 
the nucleotide sequence analysis of subclones, in that the 
sequencing spanned restriction enzyme sites identified on the 
genomic map; exons 6 and 8 were located approximately 
through the use of exon -specific oligonucleotides to probe 
Southern blots of restriction enzyme-digested X15 DNA. The 
absence of additional introns in the 5 '-untranslated region 
was confirmed by PCR (data not shown). 

Comparison of the cDNA cloning and PCR results with the 
human VEGF gene sequence also indicated that the three 
forms of the VEGF coding region arise by alternative exon 
splicing (see Figs. 2 and 4). The alternative splicing involves 
exons 6 and 7 (Fig. 3); if neither exon is removed, VEGF 18 9 is 
generated; if only exon 6 is removed, VEGF l65 (with a lysine - 
to*asparagine change at residue 115) is generated; and if both 



exons 6 and 7 are removed, VEGFm (with a lysine at residue 
115) is generated. The 44-amino acid segment encoded by 
exon 7, which is present in both VEGFi 89 and VEGF 16 s, 
contains 7 cysteines not found in the shortest VEGF form. 
This segment is also very basic in nature, containing 9 argi- 
nine and lysine residues. The 24-amino acid segment encoded 
by exon 6, present only in VEGFi 89 , is even more basic in 
nature, containing 12 lysine and arginine residues. 

Analysis of the Human VEGF Gene Promoter— -The 5' end 
of the human VEGF mRNA was mapped by Northern blot 
analysis as well as by primer extension using synthetic oligo- 
nucleotides. Northern blots of U-937 cell total RNA probed 
with a series of genomic restriction fragment probes (Fig. 5A ) 
defined the approximate location of the transcriptional start 
site. The results indicated that probe P2 (nucleotides —1063 
to —848 in Fig. 4) is the 5 '-most probe which still hybridizes 
to the VEGF mRNA; probe PI (nucleotides -1388 to -1064) 
gave no detectable signal on the Northern blot and apparently 
corresponds, therefore, to nontran scribed sequences. Primer 
extension analysis was then carried out with two synthetic 
antisense oligonucleotides whose 5' ends are 35 bases apart 
(nucleotides -749 to -720 and -714 to -685 in Fig. 4) to 
obtain a precise definition of the transcription start site. 
Results from this analysis (Fig. 5B) indicated that the human 
VEGF gene has a single major transcriptional start site, 
although several potential minor starts were also evident on 
longer exposures of the autoradiographs. By fractionating the 
primer extension products alongside matching DNA sequence 
ladders (Fig. 5£), the precise location of the major start site 
was found to be 1038 bp upstream from the ATG initiation 
codon. 

VEGF Transcript Levels in VSM Cells Treated with TPA — 
The effect of phorbol ester treatment on the level of VEGF 
transcripts in fetal human VSM cells was assessed by exposing 
confluent cultures to 20 ng/ml TPA for various time periods. 
Polyadenylated RNA was then isolated, and the relative level 
of VEGF transcripts was determined by Northern blot analy- 
sis (Fig. 6). The results indicate that the amount of VEGF 
mRNA in the VSM cells rises in response to the TPA, 
reaching a maximum at 2-4 h. 

DISCUSSION 

Cultured VSM cells have been shown to synthesize VEGF 
mRNA and to secrete biologically active VEGF. This obser- 
vation raises the possibility that VSM cells act as a source of 
VEGF that could function as a paracrine factor both to 
maintain the integrity of the vascular endothelium and to 
repair endothelial damage. Since VEGF binds heparin (al- 
though with a lower affinity than does bFGF; Gospodarowicz 
et aL, 1989; Ferrara and Henzel, 1989), locally synthesized 
VEGF might be stored in the extracellular matrix bound to 
heparin-like molecules, as appears to occur with bFGF (Vlo- 
davsky et aL, 1987). Whether VSM cells make VEGF in vivo 
remains to be confirmed by in situ hybridization or by im- 
munohistochemistry. 

Structural characterization of the human VEGF gene shows 
that it comprises eight exons. Mature VEGFiaa retains coding 
sequence from exons 2-8 (exon 1 representing the majority of 
the secretion signal portion of the primary translation prod- 
uct), whereas VEGFiss lacks the amino acids encoded by exon 
6, and VEGF121 lacks the residues encoded by exons 6 and 7. 
RNA species corresponding to all three forms have been 
detected in cultured VSM cells via cDNA cloning and PCR. 
VEGF protein isolated from various cell sources (Ferrara and 
Henzel, 1989; Gospodarowicz et aL t 1989; Connolly et aL, 
1989a, 1989b) has been reported to have a subunit molecular 
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mass of between 18 and 24 kDa, but individual proteins 
corresponding to the 189-, 165-, and 121-amino acid forms 
have not been definitively characterized. There is therefore 
as yet no direct evidence that the three proteins encoded by 
the three different VEGF coding region forms are actually 
synthesized in vivo. 

The physical properties of the proteins that are predicted 
from the three coding sequences differ considerably. Both 
VEGFi89 and VEGFia, have 16 cysteines; 8 of those are 
encoded by exons 3 and 4 (common to all VEGF forms), 7 are 
encoded by exon 7 (not present in VEGFm), and 1 is encoded 
by exon 8 (common to all VEGF forms). There are also 
significant charge differences: 12 of the 24 codons in exon 6 
(not present in VEGF 166 and VEGF m ) encode basic amino 
acids, and 9 of the 44 codons in exon 7 (not present in 
VEGF121) encode basic amino acids. Thus, in addition to 
significant structural changes, isoelectric point variations 
should result from these differences, in that the shorter forms 
of VEGF are predicted to be more acidic. No biological activity 
differences have yet been reported reflecting these altered 
physical properties. 

The locations of the intron-exon junctions in VEGF are 
compared in Fig. 7 to those in the PDGF A and B chains. 
Both PDGF A and B have very similar gene structures (Rao 
et aL, 1986; Bonthron et aL, 1988). An overall similarity in 
gene structure can also be observed between VEGF and the 
PDGFs, but significant differences do exist which are con- 
sistent with the low level (20-25%) of amino acid sequence 
relatedness between VEGF and the PDGFs. Exon 1 in both 
VEGF and the PDGFs contains a relatively long (approxi- 
mately 840-1030 bp) 5' -untranslated region as well as the 
majority of the hydrophobic signal peptide domain. Following 
this, exon 2 in VEGF, and exons 2 and 3 in the PDGFs, 
represent a region with no sequence similarity. Exons 3 in 
VEGF and 4 in PDGF are comparable and contain 6 of the 8 
conserved cysteine residues, but the precise sequences at the 
intron-exon boundaries are not conserved. VEGF exons 4 and 
5 appear to correspond to exon 5 in the PDGFs; this region 
contains the two other conserved cysteines but the overall 
sequence relatedness is minimal. Exon 6 is a highly basic 
region in both PDGFs and in VEGF, and there is more 
sequence similarity in this region between VEGF and the 
PDGF A chain than between the two PDGFs (see Bonthron 
et aL, 1988; Betsholtz et aL, 1990). 

In the case of PDGF A, but not PDGF B, an alternatively 
spliced form is found which lacks the residues encoded by 
exon 6. In this respect VEGF is, therefore, like PDGF A, since 
both VEGF 16 6 and VEGF m lack the exon 6 amino acids. The 
short form of PDGF A appears to be the exclusive PDGF A 
gene product in endothelial cells, and the long form is made 
by several transformed lines (Betsholtz et aL, 1986; Tong et 
aL, 1987; Collins et aL, 1987). Both the long and the short 
forms of PDGF A appear to be equally active, but it has been 
reported that the short form may be less efficiently secreted 
and dimerized (Beckman et a/., 1988; Collins et a/., 1987). In 
the case of VEGF, both the 189- and 165-residue forms have 
been expressed recombinantly and shown to be biologically 
active (Leung et aL, 1989; Keck et aL, 1989), indicating that, 
as with PDGF A, the exon 6-encoded amino acids are not 
essential for VEGF activity. 

Exon 7 in VEGF, which encodes the domain with 7 cys- 
teines, appears to have no counterpart in either PDGF chain. 
It will be interesting to determine whether the presence of 
this region confers VEGF 18 9 and VEGF l65 with biological 
properties in addition to mitogenicity, such as the ability to 
induce permeability in the vascular endothelium. Finally, 



although there is no sequence similarity in this region, both 
PDGF A and VEGF have a short carboxyl-terminal coding 
region present in exons 7 and 8, respectively, followed by the 
3' -untranslated region. 

Similarly to both PDGF chains (Bonthron et aL, 1988; Rao 
et aL, 1986), the section of the 5 '-untranslated region of VEGF 
immediately upstream of the translation initiation codon is 
very GC-rich. A GC-rich 5' -untranslated region has also been 
noted in other growth factor genes such as those encoding 
bFGF and transforming growth factor 0 (Abraham et aL, 1986; 
Derynck et a/., 1985) and may be involved in translational 
control. The 5' -untranslated region of VEGF contains a single 
ATG codon located 185-187 nucleotides upstream of the 
proposed initiating methionine codon. In this respect VEGF 
is again like the two PDGFs, both of which have three 
apparently nonutilized ATG codons in their 5' -untranslated 
regions. The significance of these ATGs is unknown but it 
has been proposed they might also have a role in translational 
control (Bonthron et aL, 1988). 

Primer extension analysis mapped the single major tran- 
scriptional initiation site for the human VEGF gene to nu- 
cleotide -1038 (Fig. 4). Approximately 50 bp 5' to this site 
there is a cluster of four GC box sequences (5' GGGCGG 3' 
or 5' CCGCCC 3') at nucleotides -1096 to -1091, -1112 to 
-1107, -1123 to -1118, and -1133 to -1128. GC box se- 
quences located close to transcription start sites in other genes 
have been shown to bind the transcription factor Spl (Gidoni 
et aL, 1984; Kadonaga et aL, 1986). Three of these four GC 
boxes near the transcription start site in the VEGF gene are 
also perfect matches to a consensus sequence for "strong** Spl 
binding sites (5' G/TGGGCGGG/AG/AC/T 3' or its comple- 
ment 5' G/AC/TC/TCCGCCCC/A 3'; Kadonaga et aL, 1986). 
In addition, two other GC box sequences are found further 
upstream in the 5' -flanking region (nucleotides —1277 to 
—1272 and —2138 to —2133), and two more are present in the 
5' -untranslated region (nucleotides —66 to —61 and -518 to 
—513). No TATA box-like promoter sequence (Corden et aL, 
1980) is seen close to the start of transcription; the only match 
to this consensus sequence is found at nucleotides -2465 to 
—2461 in the 5'-flanking region, too far from the transcription 
start site to be of significance. The human VEGF gene, 
therefore, differs from the human PDGF genes which both 
have TATA box promoters (Rao et aL, 1986; Bonthron et aL, 
1988). Also although the primer extension analysis carried 
out on the VEGF gene did reveal the possibility of several 
minor transcription start sites, it is unusual for a promoter 
with multiple closely spaced GC boxes as in the case of VEGF 
to have a single major transcription initiation site. 

The sequence of the VEGF gene was scanned for additional 
consensus binding sites for other transcriptional control fac- 
tors (reviewed in Mitchell and Tjian, 1989; Johnson and 
McKnight, 1989). The presence of four potential AP-1 binding 
sites (consensus 5' TGAC/GTCA 3') at nucleotides -620 to 
-614, -1528 to -1522, -2265 to -2258, and -2930 to -2924 
(see Fig. 4) implied that the VEGF gene should be inducible 
by serum or by the phorbol ester TPA (Curran and Franza, 
1988; Mitchell and Tjian, 1989). In addition, two potential 
AP-2 binding sites (consensus 5' CCCCAGGC 3' or 5' T/ 
CCCCCA/CNG/CC/GG/C 3') at nucleotides -135 to -128 
and —1875 to —1868 also indicated that VEGF gene expression 
should be inducible by TPA, as well as by cAMP (Imagawa et 
al. t 1987; Mitchell and Tjian, 1989). Consistent with these 
predictions, initial experiments with fetal human VSM cells 
indicate that TPA treatment indeed results in an increase in 
the level of VEGF mRNA (Fig. 6). The availability of cloned 
VEGF promoter sequences will allow a detailed examination 
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of this and other components involved in VEGF transcrip- 
tional regulation to take place. 
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cerebral malaria, and indicate that sequestration is commonly but 
not invariably associated with detectable intra- and perivascular 
pathology. Further studies may elucidate whether different patho- 
genic mechanisms accompany the various stages of parasite devel- 
opment in sequestration sites, and may facilitate the design of new 
strategies for the prevention and treatment of malaria. 

Note: Supplementary information is available on the Nature Medicine website. 
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The effects of vascular endothelial growth factor (VEGF) 
blockade on the vascular biology of human tumors are not 
known. Here we show here that a single infusion of the VEGF- 
specific antibody bevacizumab decreases tumor perfusion, 
vascular volume, microvascular density, interstitial fluid 
pressure and the number of viable, circulating endothelial and 
progenitor cells, and increases the fraction of vessels with 
pericyte coverage in rectal carcinoma patients. These data 
indicate that VEGF blockade has a direct and rapid 
antivascular effect in human tumors. 

VEGF has a crucial role in physiological and pathological angiogene- 
sis 1 " 3 . Although VEGF blockade, alone or in combination with cyto- 
toxic therapies, is being tested in a number of clinical trials 4 , including 
the first successful phase 3 clinical trial 5 , the effects of anti-VEGF treat- 
ment on the vascular biology of human tumors are not known. To this 
end, we recently initiated a National Cancer Institute-sponsored phase 
1 clinical trial that integrates the VEGF-specific antibody bevacizumab 
(Avastin; Genentech) into a contemporary treatment program of pre- 
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operative chemotherapy and radiation therapy followed by surgery, 
for patients with primary and nonmetastatic rectal cancer. To gain 
insight into the mechanisms of action of bevacizumab, we designed 
the trial to evaluate the effects of bevacizumab alone on (i) tumor 
physiology (blood perfusion, blood volume, permeability-surface area 
product, microvascular density (MVD), perivascular coverage, inter- 
stitial fluid pressure (IFP) and 18-fluorodeoxyglucose (FDG) uptake); 
(ii) systemic response (VEGF level in blood, number of circulating 
endothelial cells (CECs) and progenitor cells); and (iii) tumor 
response (see Supplementary Note online for methods). 

Six patients with primary and locally advanced adenocarcinoma of 
the rectum have been enrolled in a preoperative treatment protocol of 
bevacizumab administration alone (5 mg/kg intravenously), followed 
after 2 weeks — the approximate half-life of bevacizumab in circula- 
tion — by concurrent administration of bevacizumab with 5-fluo- 
rouracil and external beam radiation therapy to the pelvis and 
surgery, 7 weeks after treatment completion. Twelve days after beva- 
cizumab infusion, flexible sigmoidoscopy (Fig. 1) revealed that beva- 
cizumab induced tumor regression of >30% in patient 1, and no 
change in tumor size in the remaining five patients. Functional com- 
puted tomography (CT) scans at this time point indicated significant 
decreases in tumor blood perfusion (40-44%; P < 0.05) and blood 
volume (16-39% in four of five patients analyzed; P < 0.05; Figs, lb 
and 2; see Supplementary Table 1 online for group statistics). This 
was accompanied by a significant decrease in tumor MVD (29-59% 
in five patients analyzed; P < 0.05; Fig. 2d). These three sets of data 
provide direct evidence of the antivascular effects of bevacizumab in 
human tumors, which is in line with preclinical findings 6,7 . 

Twelve days after bevacizumab treatment, IFP was reduced in four 
of four patients (Fig. 20 and overall mean IFP decreased significantly 
from 1 5.0 ± 2.0 to 4.0 ±2.2 mm Hg (P < 0.0 1 ). The decrease in IFP is in 
concert with our preclinical findings 6 . Elevated TFP, a hallmark of solid 
tumors, is a result of abnormalities in tumor vessels (such as abnormal 
structure of the vessel wall). The decrease in IFP after anti-VEGF treat- 
ment may be a result of normalization'; that is, the resumption of nor- 
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Figure 1 Effect of treatment on tumors in patients 
who completed entire combined treatment 
regimen, and surgery, (a) Endoscopic and 
pathological evaluation of rectal tumors. Surgical 
specimens showed grade II tumor regression in 
patients 1-5 and grade III in patient 6, by 
Mandard criteria (see Supplementary Note). 
Endoscopic image (instead of surgical specimen) 
was taken for patient 6, 3.5 weeks before surgery. 
BV, bevacizumab. (b) Representative functional 
CT images of blood perfusion before treatment 
(day 0), after bevacizumab (day 12) and after 
completion of treatment (day 104) in patient 5. 
(c) Tumor FDG uptake before treatment 
(pretreatment), 12 d after bevacizumab treatment 
and 5-7 weeks after completion of all neoadjuvant 
therapy (presurgery). Sagittal projections of FDG- 
PET scans for patient 1 are shown. Tumor is 
outlined in box, posterior to bladder. 
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mal function in the tumor vasculature 8 . The increased fraction of ves- 
sels positive for oc-smooth muscle actin in four of five patients (Fig. 2e 
and Supplementary Fig. 1 online) is supportive of vascular normaliza- 
tion 9 . As a result of the decrease in vascular volume and MVD, one 
would expect a reduction in vascular surface area, and hence a lower- 
ing of the permeability-surface area product. Surprisingly four of five 
patients had no significant changes in permeability-surface area prod- 
uct (Fig. 2c and Supplementary Table 1), providing indirect evidence 
for improved extravasation of the CT contrast agent from the normal- 
ized vasculature. Finally, on day 12 the follow-up positron emission 
tomography (PET) scans indicated no change in tumor FDG uptake in 
five patients, and showed a 40% decrease in patient 3 (Fig. 2g). 
Collectively, these data suggest that the efficiency of blood vessels after 
bevacizumab treatment is improved. These clinical findings are con- 
sistent with previous preclinical data on tumor oxygenation 6 and drug 
uptake 10 after anti- VEGF treatment. 

In addition to being a mitogen and survival factor for endothelial 
cells, VEGF mobilizes progenitor cells from the bone marrow into the 
circulation 1 '. VEGF blockade decreased the number of progenitor 
cells circulating on day 3 (Fig. 2h). No decrease in circulating VEGF 



(plasma, serum and urine) was detected with the current assay (see 
Methods; data not shown). After bevacizumab treatment, the number 
of CD31 bri 8 ht CD45- cells, but not the total number of CD31+CD45' 
cells, decreased in all patients (Fig. 2h). Further analysis indicated that 
CD 3 1 brighr CD 4 5 - cells represented viable CECs (Supplementary Fig. 
2 online). An increase in the number and viability of CECs was 
recently found in lymphoma and breast cancer patients 12 . In addi- 
tion, preclinical studies indicate that CEC kinetics might serve as a 
surrogate marker of response to treatment 13 . Based on these data, we 
suggest that the kinetics of progenitor cells or viable CECs in periph- 
eral blood should be explored as an early indicator of tumor response 
to anti-VEGF agents. 

Six weeks after completion of the bevacizumab, radiation therapy 
and chemotherapy regimen, follow-up PET scans (Fig. lc) showed 
decreased tumor FDG uptake compared with pretreatment values in 
five patients (Fig. 2g). Tumor FDG uptake in patient 5 was low, and 
similar before and at the end of therapy (Fig. 2g). Notably, all six 
patients completed the combined treatment without dose-limiting 
toxicity, and underwent surgery without perioperative or postoper- 
ative complications. Macroscopic and histologic analysis of the sur- 
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Figure 2 Effect of a single injection of bevacizumab on tumor 
vasculature and FDG uptake. Parameters were obtained 
pretreatment and after one bevacizumab infusion, (a-c) Blood 
perfusion (a), blood volume (b) and permeability-surface area 
product (PS; c). Significant decreases after treatment are 
indicated by solid lines (P< 0.05 by Mest). Blood flow and 
blood volume decreased significantly in four of the patients, 
(d) Microvascular density. All patients showed significant 
decreases after treatment (P < 0.05 by Mest). (e) Fraction of 
vessels with pericyte coverage. The difference in the fraction of 
vessels positive for a-smooth muscle actin (a-SMA) in patient 2 
was identified as an outlier by the Extreme Studentized Deviate 
test. Paired Mest analyses of the mean values that included 
and excluded the data of patient 2 had P< 0.09 and 0.001, 
respectively, (f) Mean tumor IFP decreased significantly after 
bevacizumab (P< 0.01 by paired Mest). (g) Tumor FDG uptake 
before treatment, on day 12 and presurgery (day 93), 
normalized for muscle values. On day 12 after bevacizumab 
treatment, a 40% decrease was observed in patient 3, and no 
change in the other patients. Lower levels were found in all 
patients before surgery except for patient 5, who had low levels 
throughout the treatment. In comparison to pretreatment and 
day 12 values, the median standard uptake value was 
significantly lower on day 93 (P< 0.01; Supplementary 
Table 1). (h) Circulating progenitor/stem cells (AC133 + ; left) 
and viable CECs (right) in peripheral blood. Samples were run 
to acquire 50,000 events in the mononuclear/lymphocyte gate. 
For both cell populations, bevacizumab induced a significant 
decrease in mean values (P< 0.05 by Wilcoxon signed-rank 
test). Key in b applies to a,c, g-i. 
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gical specimens revealed a marked response in all six patients, with 
only microscopic disease in five of the patients (Fig. la and 
Supplementary Note). 

High doses of bevacizumab are more effective when used as 
monotherapy for highly VEGF-dependent tumors such as renal-cell 
carcinoma 14 . Our data from six consecutive patients show for the first 
time that even at low doses, bevacizumab alone can decrease perfu- 
sion, MVD and IFP in a solid tumor, and decrease the number of 
CECs. The decrease in IFP and increase in the fraction of vessels with 
pericyte coverage support the normalization hypothesis 8 . This nor- 
malization process may retard the shedding of metastatic cells in the 
circulation and improve the delivery of therapeutic agents in tumors. 
Bevacizumab may also sensitize the endothelium to cytotoxic agents. 
Collectively, these mechanisms may explain the unprecedented effi- 
cacy of bevacizumab in recent clinical trials, as well as the possible 
synergistic or additive interaction between antiangiogenic and cyto- 
toxic therapies that has been observed in preclinical settings for more 
than a decade 4 ' 1 -*'. The identification of valid surrogate markers for 
antiangiogenic therapy, alone or combined with cytotoxic therapies, 
has been elusive. The results of this phase 1 study will hopefully facili- 
tate and stimulate future research in this area. 

Note: Supplementary information is available on the Nature Medicine website. 
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ABSTRACT Using a imKNA differential screening off fi- 
broblasts differing for the expression of c-fos we isolated a 
c-/os-induced growth factor (FEGF). The deduced protein 
sequence predicts that the cBNA codes (Tor a new member of 
tlbe platelet-derived growth factor/vascular endothelial 
growth factor (PDGF/VEGF) . famMy. Northern blot analysis 
shows that FIGF expression is strongly reduced in c-fas- 
deflcient cells. Transfectlon of exogenous c-fos driven by a 
constitutive promoter restores the FIGF expression in these 
cells. En contrast, both PDGF and VEGF expression is unaf- 
fected by cfos. FIGF is a secreted dimeric protein able to 
stimulate autogenic activity in fibroblasts. FIGF overexpres- 
sion induces morphological alterations in fibroblasts. The 
cells acquire a spindle-shaped morphology, become more 
refractive, disorganized, and detach from the plate. These 
results imply that FIGF is a downstream growth and pnor- 
plhogenic effector of c-fos. These results also suggest that the 
expression of FIGF in response to c-fos activation induces' 
specific differentiation patterns and its aberrant activation 
contributes to the malignant phenotype of tumors. 

The c-fos protooncogene plays a central role in the nuclear 
response to stimulatory signals that regulate cellular prolifer- 
ation and differentiation. It codes for a nuclear protein that 
belongs to the AP-1 family of transcription factors. AP-1 
factors are part of the bZip family of transcription factors 
which can form homo- and heterodimers and activate tran- 
scription by binding the DNA at AP-1 sites (1, 2). AP-1 is 
composed of dimeric complexes formed between Jun (c-Jun, 
JunB, and JunD) and Fos (c-Fos, FosB, Fral, and Fra2) 
proteins which are induced by many cellular stimuli including 
growth factors, citokines, T-cell activators, and U V irradiation 
(3). As a member of the immediate-early genes, c-fos expres- 
sion is rapidly and transiently increased in response to extra- 
cellular signals. The role of c-fos during development has been 
studied by the generation of c-/o$-deficient mice (4, 5). c-fos 
knockout mice are viable but show a range of tissue specific 
developmental defects including osteopetrosis, delayed game- 
togenesis, and limphopenia. 

Continuous expression of c-fos causes transformation of 
fibroblasts and loss of polarity of epithelial cells in vitro (6), and 
induces the formation of condroblastic osteosarcomas when it 
is expressed under the control of ubiquitous promoters in 
transgenic mice (ref. 7 and references therein). Tumors ob- 
tained from c-/ay-deficient cells fail to undergo malignant 
progression even if they are carrying the activated v-H-ras (8). 
These experiments suggest an essential role of c-fos in the 
malignant tumor development, c-fos contribution to differen- 
tiation and tumor progression is most probably due to the 
activation of specific target genes. These may play a role in 

* 

The publication costs of this article were defrayed in part by page charge 
payment. This article must therefore be hereby marked "advertisement" in 
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differentiation, in cell transformation, and/or malignant pro- 
gression of tumors. A large number of genes have been shown 
to contain functional, A£J sites in their regulatory regions. 
These include c-jun (2), the adipocyte P2 gene (9), type I 
collagenase (10), and stromelysin (11). Different strategies 
have been adopted to identify new c-fos target genes. The 
generation of a hormonally regulated c-Fos-estrogen receptor 
chimera allowed the isolation of the c-fos responsive gene Fit-1 
(12) which codes for a membrane-associated protein. Rever- 
sion of the v-)b.y-dependent transformed phenotype in rat cells 
allowed the isolation of Fte-1 (13), a protein probably involved 
in protein import into mitochondria. 

To isolate new c-/bs-responsive genes we utilized cells 
differing only for the expression of c-fos . By mRNA differential 
display we compared the expression pattern of c-/os-deficient 
fibroblasts with cells derived from their wild-type siblings. In 
this report we describe the isolation of a cDNA that is strongly 
induced by c-fos. The cDNA sequence shows that it codes for 
a putative growth factor related to the platelet-derived growth 
factor/vascular endothelial growth factor (PDGF/VEGF) 
family. The protein, which was named FIGF (for c-/ar-induced 
growth factor), is secreted and shows autocrine mitogenic and 
morphogenic effects on fibroblasts. 

MATERIALS AND METHODS 

Cells and Cell Culture, c-fos (— /-)-deficient fibroblasts, 
obtained from c-fos knockout mice (5, 14) and c-fos (+/+) 
fibroblasts derived from their wild-type siblings were grown in 
DMEM supplemented with 10% fetal calf serum (FCS). The 
c-fos (— /— )f cells, which express constitutively c-fos, were 
cultured in DMEM supplemented with 10% FCS and G418 
(Geneticin; GIBCO/BRL) at 400 jig/ml. Stable clones con- 
stitutively expressing FIGF were obtained by cotransfection of 
an FIGF expression vector together with a plasmid containing 
the hygromycin resistance gene under the control of the simia 
virus 40 promoter (SO 166). Transfectants were selected in 
DMEM supplemented with 10% FCS and hygromycin B 
(Calbiochem) at 300 jig/ml. The FIGF expression vector was 
constructed by the cloning of the FIGF cDNA under the 
control of the cytomegalovirus (CMV) promoter in the plas- 
mid pcDNAIII-A neo (kindly provided by L. D'Adamio, 
National Institutes of Health). 

Differential .Display and Cloning of FIGF cDNA. c-fos 
(-/-) and c-fos (+/+) cells were maintained in DMEM 
containing 0.5% FCS for 48 h and then subjected to serum 
treatment. After 2 h of 10% serum induction, total cellular 



Abbreviations: PDGF, platelet-derived growth factor; VEGF, vascular 
endothelial growth factor; FCS, fetal calf serum; CMV, cytomegalo- 
virus; MEF, mouse embryo fibroblast 

Data de post ion: The sequence reported in this paper has been 
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RNA was extracted by the guanidinium thiocyanate method 
(15) and subjected to the differential display technique (16- 
18). The amplified cDNA fragments were compared in non- 
denaturing gels (19). The differentially expressed cDNAs were 
rearaplified, cloned into pGEM-T vector (Promega), and used 
as probe in Northern blot assay. A fibroblast cDNA library was 
generated by oligo-dT reverse transcription of poly(A) + RNA 
from a cell clone constitutively expressing c-fos, and cloned 
into Uni-Zap vector (Stratagene). A partial cDNA fragment 
(273 bp), whose corresponding mRNA was induced by c-fos, 
was labeled with [ 32 P]dCTP by random prime labeling and 
used to screen the library. The longest cDNA isolated was 
sequenced on both strands by the dideoxy DNA sequencing 
method (United States Biochemical). 

Northern Blot Analysis. Total RNA (10 jig) was run on 
denaturing formaldehyde-agarose gel and transferred to nylon 
membranes. Filters were hybridized with [ 32 P]-labeled probes 
at 60°C in a buffer containing 0.5 M sodium phosphate (pH 
7.2), 7% SDS, and 1 mM EDTA. The filters were washed for 
two 30-min periods at 60°C in 40 mM sodium phosphate (pH 
7.2), \% SDS, and 1 mM EDTA and exposed to x-ray film or 
analyzed by using a Phosphorlmager (Molecular Dynamics). 

Production of Bacterial FIGF and Anti-FIGF Antibodies. 
The FIGF protein was expressed in Escherichia coli under the 
control of the T5 promoter. The cDNA fragment, from the 
coding region of FIGF, was generated by PCR from the 



methionine residue at position +40 and cloned into the 
pQE-31 vector (Qiagen, Chatsworth, CA) to obtain a fusion 
protein with a N-terminal histidine tag. The protein was 
expressed in TGI bacteria (pREP+) by induction for 4 h at 
37X in the presence of 2 mM isopropyl /3-D-thiogalactopy- 
ranoside. The recombinant protein was exclusively localized in 
inclusion bodies and was purified on a column of Ni-NTA-resin 
under denaturing conditions, according to the manufacturer's 
protocols (Qiagen). To produce partially refolded FIGF pro- 
tein, the purified recombinant protein was treated as described 
(20, 21). Briefly the protein concentration was adjusted to 0.4 
mg/ml and completely reduced in the presence of 8 M urea, 
2% 2-mercaptoethanol for 1 h at 37°C. The reduced protein 
was dialyzed against a solution containing 50 mM TrisHCl 
(pH 8.0), 1 M urea, 5 mM reduced glutathione, and 0.5 mM 
oxidized glutathione for 2 days, and against a solution con- 
taining 20 mM TrisHCl (pH 7.5) and 0.2 M NaCl for 1 day. 
Polyclonal antibodies were raised by injecting New Zealand 
White rabbits with 200 jig of recombinant FIGF in form of 
denaturated protein in complete Freund's adjuvant. Anti- 
serum was prepared after four injections in incomplete 
Freund's adjuvant at 3-week intervals. 

Expression of FIGF in COS-7 Cells. COS-7 cells were 
transfected with an expression vector (pcDNAIII; Invitrogen) 
containing the FIGF coding sequence by using calcium phos- 
phate precipitation. Cells were metabolically labeled with 
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Fig. 1. (A) Deduced amino acid sequence of mouse FIGF. The putative secretory signal peptide rich in hydrophobic residues is underlined. 
(B) Alignment of the FIGF protein with the conserved domain of the PDGF/VEGF family of growth factors. Amino acid residues identical to 
FIGF are boxed. Dots indicate the cysteine residues which are characteristic of these growth factors (22). Numbers on the left indicate amino acid 
positions relative to the initiator methionine residue of each protein. 
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[ 35 S]methionine and [ 35 S]cysteine (Amersham) at 100 mCi/ml 
(1 Ci = 37 GBq) for 1 h and chased with cold methionine and 
cysteine. After the chase period medium was collected and 
cells were lysed in 50 mM Tris-HCl (pH 7.5), 1 % Nonidet P-40, 
150 mM NaCl, and 4 /xg/ml phenylmethylsulfonyl fluoride. 
Conditioned media and cell lysates were immunoprecipitated 
separately with anti-FIGF polyclonal antibodies. Immune 
complexes were collected on protein A-Sepharose beads 
(Pharmacia) and separated by 12% SDS/PAGE in the pres- 
ence of 2% 2-mercaptoethanol. 

Mitogenic Assay for FIGF. Conditioned medium containing 
FIGF was collected from cells transfected with the appropriate 
expression vectors or with vector alone, c-fos (— /-) cells were 
plated into 96-well plates at the density of 5 x 10* cells/well 
in DMEM supplemented with 0.5% FCS and incubated for 
48 h. Mouse embryo fibroblasts (MEFs) were obtained from 
13- to 15-day embryos of B6D2F1 mice. The embryos were 
sacrificed, rinsed in Hanks' balanced salt solution and 
trypsinized for 30 min at 37°C. MEFs were grown in DMEM 
supplemented with 10% FCS. Second-passage MEFs were 
plated into 96-well plates at the density of 7 x 10 3 cells/well 
in DMEM containing 0.5% FCS and incubated for 30 h. 
Conditioned media or purified proteins were added to the 
wells and cells were stimulated for 14 h. [ 3 H]Thymidine (2.5 
/iCi/ml) diluted in DMEM without serum was added to the 
cells for a period of 8 h. Cells were washed with PBS, 
trypsinized, and the incorporated radioactivity was deter- 
mined by liquid scintillation counting. 
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Fig. 2. (A) Expression of FIGF in cultured cells. Northern blot 
analysis of total RNA obtained from c-fos (-/— ) fibroblasts, a cell line 
lacking c-fos (lanes 1-3); c-fos (-/— )f cells, a stable cell line expressing 
exogenous c-fos, obtained transfecting c-fos (-/-) cells with c-fos 
under the control of a constitutive promoter (lanes 4-6); wild-type 
c-fos (+/+) fibroblasts (lanes 7-9). Cellular RNA was extracted from 
cells grown for 48 h in DMEM supplemented with 0.5% FCS (time 0). 
The serum concentration was increased to 10% and total RNA was 
collected at 2 h or 4 h as indicated. Lanes 10 and 11 show FIGF 
expression in c-/oj (-/-) fibroblasts transiently transfected with the 
vector alone (mock) or containing c-fos under the control of FBJ-LTR 
constitutive promoter (c-fos). The RNAs of the transiently transfected 
cells were collected 30 h after cultuhng the cells in DMEM containing 
0.5% FCS. Each lane was loaded with 10 jig of total cellular RNA. (B) 
Expression of PDGF or VEGF in cultured cells. Total cellular RNAs 
from c-fos (-/-) cells (lanes 1-3) or from c-fos (-/-)f cells (lanes 
4-6) were extracted as indicated in A. Glyccraldehyde-3-phosphate 
dehydrogenase (GAPDH) was used as a control for RNA loading. 



RESULTS 

Isolation and Characterization of the FIGF cDNA. c-fos- 
deficient cells, derived from c-fos knockout mice (5), are 
defective in the induction of AP-1 -responsive genes such as 
stromelysin and type I collagenase (14). To identify new 
specific c-fos target genes, we used the mRNA differential 
display technique which allowed us to isolate genes differen- 
tially expressed in c-fos (— /-) versus wild-type c-fos (+/+) 
cells. Few cDNA fragments, corresponding to differentially 
expressed mRNA, were identified and their expression pattern 
was confirmed by Northern blot analysis (data not shown). 
One of these cDNA fragments was FIGF. The full-length 
FIGF cDNA was isolated by screening a fibroblast cDNA 
library using as a probe the cDNA fragment corresponding to 
the 3' end of FIGF. The nucleotide sequence of the cDNA 
revealed a single open reading frame coding for a putative 
protein of 358-amino acid residues (Fig. 1A). HGF presents a 
hydrophobic sequence of 20 residues at the N terminus which 
could code for a signal peptide (23). Comparison of the 
predicted FIGF protein with the SWISS-PROT data bank 
revealed a significant similarity of FIGF with the PDGF/ 
VEGF family of growth factors (Fig. LB). FIGF contains, at 
the same relative distance, the eight conserved cysteine resi- 
dues which are characteristic of this growth factor's family (22, 
24-29). These cysteine residues are involved in intra- and 
interchain disulfide bridges of the active dimeric molecules 
(30). The long N-terminal region of FIGF does not show 
significant similarity to known proteins. The C-terminal do- 
main is very long and rich in cysteine residues, some of which 
occur in repeat units as described in the recently identified 
VEGF-C molecule (28). 

FIGF Is Induced by c-fos in Cultured Fibroblasts. The 
expression of FIGF transcripts was examined in cells differing 
for the expression of c-fos. Northern blot analysis reveals two 
hybridizing FIGF transcripts of 2.4 and 4 kbp, respectively. 
Analysis of FIGF gene expression reveals that the FIGF 
messenger is barely detectable in c-fos (-/— ) fibroblasts, while 
its expression is high in wild-type c-fos (+/+) fibroblasts (Fig. 
2A, compare lanes 1 and 7). FIGF expression is completely 
restored in stable clones derived from c-fos (-/-) cells, 
expressing exogenous c-fos under the control of a constitutive 
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Fig. 3. Immunoprecipitation assay of the FIGF protein. COS-7 
cells transiently transfected with the vector alone (—) or with a vector 
containing the FIGF coding sequence under the control of a CMV 
promoter (+) were metabolically labeled. After 1-h or 22-h chase, 
culture supernatants and detergent-solubilized cell lysates were sub- 
jected to immunoprecipitation and SDS/PAGE analysis under reduc- 
ing conditions. Arrows indicate specific bands present only in FIGF 
transfected cell. The upper arrow indicates a 66-kDa protein which 
corresponds to the putative dimer and the lower arrow indicates a 
33-kDa protein which corresponds to a putative monomer. 
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promoter (Fig. 2A, compare lanes 1 and 4). To exclude that in 
c-fos (-/-) cells the low expression is due to clonal variation, 
we transiently transfected these cells with c-fos under the 
control of a constitutive promoter. The transient transfection 
of exogenous c-fos, driven by the viral FBJ-LTR promoter 
(14), results in FIGF induction in c-fos (-/-) cells (Fig. 2A, 
lanes 10 and 11). These experiments show that the FIGF 
expression is induced by c-fos. 

Since FIGF shows strong sequence similarities with the 
PDGF and VEGF, we asked whether their expression was 
affected by c-fos. As can be observed in Fig. 2B, the regulation 
of both PDGF and VEGF transcripts is different from that of 
FIGF. 'these growth factors are rapidly induced following 
serum induction and their expression is independent of c-fos. 
These data indicate that c-fos is required for the induction of 
FIGF, while the c-fos expression is not required for the PDGF 
and VEGF induction. FIGF does not differ from PDGF and 
VEGF in the negative regulation since they all decrease from 
4 h after serum induction (Fig. 2A, lanes 6 and 9). Moreover, 
FIGF mRNA accumulates in quiescent cells. This pattern of 
expression suggests that, besides the expression of c-fos, ad- 
ditional regulatory controls are required for FIGF regulation. 
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FIGF Is a Secreted Protein. To verify that FIGF is a secreted 
protein, we transfected COS-7 cells with an expression vector 
containing the FIGF cDNA under the control of the CMV 
immediate-early gene promoter. Polyclonal antibodies, raised 
against recombinant FIGF produced in E. coli, immunopre- 
cipitated a specific band that is observed in both the cell lysates 
and the conditioned media of the FIGF transfected COS-7 
cells. After 1-h labeling followed by 1-h chase a specific band 
was mainly present in the cell Iysate (Fig. 3, lane 2) while, after 
a chase longer than 4 h, the protein accumulated in the cell 
supernatant (lane 8). Under nondenaturing conditions FIGF 
aggregated into a multimeric form (not shown). Addition of 
2-mercaptoethanol resulted in partial denaturation of the 
secreted protein which migrated mostly as a 66-kDa band. This 
corresponds to the migration of the putative dimeric form. 
Only a minor fraction of the secreted protein can be found at 
33 kDa of molecular mass. This should correspond to the 
expected migration of FIGF in the monomelic form (Fig. 3, 
lane 8). Dimerization of FIGF could be predicted since the 
FIGF central domain is highly conserved and contains the 
eight cysteine residues involved in the dimerization of all the 
other known members of the PDGF and VEGF family (28-30). 
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Fig. 4. FIGF induces [ 3 H]thymidine incorporation into fibroblasts. (A) Mitogenic activity on c-fos (-/-) fibroblasts. Starved cells were 
stimulated with conditioned medium from COS-7 cells transiently transfected with the FIGF expression vector or with the vector alone (mock). 
One day after transfection COS-7 cells were split and mantained in 2% serum and conditioned media were collected after 120 h. (B) Mitogenic 
activity on c-fos (-/-) fibroblasts. Starved fibroblasts were stimulated with conditioned media obtained from c-fos (-/-) stable clones, named 
FH-10.2, FH-10.5, FH9.3, FH-9.6, FH-10.9, and c-fos (-/~) cells (mock), constitutive^ expressing exogenous FIGF under the control of the CMV 
promoter. Culture supernatants were collected from cells maintained for 48 h in DMEM supplemented with 0.5% FCS. (C) Mitogenic activity 
induced by the recombinant FIGF protein on c-fos (-/-) fibroblasts. Starved cells were incubated with partially renatured recombinant FIGF. 
Under the same conditions, incubation with PDGF-BB (10 ng/ml; Sigma), used as a positive control, induces about 30% higher [ 3 H]thymidine 
incorporation, while VEGF (10 ng/ml; Sigma) does not induce incorporation above the background (not shown). The data shown are the mean 
of six experiments performed with three different FIGF preparations. (D) Mitogenic activity on MEFs. Starved MEFs were stimulated with partially 
renatured recombinant FIGF. Under the same conditions, incubation with PDGF-BB (10 ng/ml; Sigma), used as a positive control, induces about 30% 
higher [ 3 H]thymidine incorporation, while VEGF (10 ng/ml; Sigma) does not induce incorporation above the background (not shown). The data shown 
are the mean of six experiments performed with three different FIGF preparations. The background values were subtracted in each experiment. 



Cell Biology: Orlandini et al 



Proc. Natl. Acad. ScL USA 93 (1996) 11679 



FIGF Shows Mitogenic Activity om Fibroblasts. The above 
experiments show that FIGF is a secreted protein. We further 
investigated whether the conditioned medium of cells produc- 
ing FIGF could promote cell growth in vitro, assayed as 
pH]thymidine incorporation. Conditioned medium was ob- 
tained either from transiently transfected COS-7 cells or from 
stable clones, obtained from c-fos (-/-) fibroblasts, express- 
ing FIGF under the CMV promoter. The mitogenic activity of 
the conditioned medium containing FIGF was first tested on 
c-fos (-/-) fibroblasts. Both conditioned medium obtained 
from transfected COS-7 or constitutive FIGF expressing 
clones induced DNA synthesis on c-fos (-/-) fibroblasts (Fig. 
A 4 A and £). We also tested the mitogenic activity of the 
recombinant FIGF protein expressed in E. coli. To obtain a 
biologically active recombinant protein, FIGF was purified 
from inclusion bodies and partially renatured in the presence 
of a mixture of reduced and oxidized glutathione. The partially 
. refolded recombinant FIGF-induced DNA synthesis on c-fos 
(-/-) fibroblasts in a dose-dependent manner (Fig. AC). As 
expected, c-fos (— /— ) cells were also responsive to PDGF-BB, 
while the treatment with VEGF did not induce pH]thymidine 
incorporation (not shown). We also tested^ the mitogenic 
activity of the recombinant FIGF on mouse embryp fibro- 
blasts. As shown in Fig. AD, FIGF-induced DNA synthesis on 
these cells to levels comparable to those induced by PDGF. 
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Fig. 5. (/I) Morphology of c-fos (-/-) cells stably transfected 
with the vector alone. (B) Morphology of a cell clone derived from 
c-fos (-/— ) cells stably transfected with the expression vector con- 
taining FIGF under the control of the CMV promoter. (C) Morphol- 
ogy of cells stably transfected with an expression vector containing the 
FIGF cDNA in the antisense orientation under the control of the 
CMV promoter. (/>) Morphology of cells stably transfected with the 
expression vector containing c-/oj under the control of the FBJ-LTR 
promoter. (E) A cell clone derived from the same cells as in D 
(expressing c-/oj contitutively) transfected with an expression vector 
containing FIGF under the control of the CMV promoter. (F) A cell 
clone derived from the same cells as in D (expressing c-fos contitu- 
tively) transfected with an expression vector containing the FIGF 
cDNA in the antisense orientation under the control of the CMV 
promoter. (G) c-fos (— /— ) fibroblasts cultured for 120 h in DME 
medium containing 0.5% serum. (H) Cells as in G but treated for 120 h 
with partially renatured recombinant FIGF at 2 ftg/ml. Ten indepen- 
dent clones obtained from three independent transfections were 
analyzed. All showed morphological changes similar to those observed 
in the figure. 



FEGF Unduces Morphological! Alterations on Fibroblasts. 
The induction of transformed foci by v-H-ras, v-src, polyoma 
middle T antigen, and simian virus 40 large T is not impaired 
in c-/05-deficient cells (14). Rather, c-fos has been implicated 
in tumor progression (8) and its overexpression induces a 
transformed cell morphology in fibroblasts and epithelial cells 
(6). As FIGF codes for a 6/<M-induced growth factor, we 
analyzed whether its overexpression could induce a fibroblast's 
morphological transformation. Several independent clones 
overexpressing FIGF were isolated and all snowed morpho- 
logical alterations. Fig. 5 shows typical morphological changes 
observed. Cells overexpressing FIGF acquire a spindle-shaped 
morphology, become more refractive, and detach from the 
plate (Fig. 5 B versus A). The constitutive expression of c-fos 
induces morphological changes in c-/o$-deficient cells which 
are similar, although less evident, to the alterations observed 
with the FIGF overexpression (Fig. SD). The overexpression of 
both c-fos and FIGF leads to the same phenotype determined 
by FIGF overexpression and cells become extremely long (Fig. 
5E). The depletion of FIGF, obtained by the expression of 
FIGF in the antisense orientation in c-fos constitutive cells, 
causes the complete loss of the elongated phenotype (Fig. 5F). 
These data show that FIGF is able to induce morphological 
changes on fibroblasts and suggest that FIGF is the morpho- 
logical effector of c-fos. Cells expressing the FIGF in the 
antisense orientation show a slow growth rate (not shown). 

To verify whether FIGF induces morphological changes on 
fibroblasts in vitro we also treated c-fos (—/—) fibroblasts with 
recombinant FIGF. As can be observed in Fig. 5//, that shows 
cells treated with recombinant FIGF for 120 h, the cell 
treatment with recombinant FIGF induces morphological 
alterations similar to the ones observed with the FIGF over- 
expression. 

DISCUSSION 

Nuclear oncogenes contribute to the cancerous state by di- 
rectly altering gene regulation. The missing link between 
oncogenes and tumors has been the identification of onco- 
logically relevant genes regulated by oncogenes. Some Fos 
target genes have already been cloned, but we are still far from 
understanding their role in tumor progression. To identify 
c-Jh?-responsive genes we isolated differentially expressed 
genes in cells differing for the expression of c-fos. Here we 
describe the cloning and characterization of the cDNA coding 
for the gene referred as FIGF. FIGF codes for a 358 amino 
acid residues long secreted protein. Its deduced amino acid 
sequence indicates that FIGF is strongly related to the PDGF/ 
VEGF growth factors. FIGF contains in its central region the 
signature sequence which is characteristic for this family of 
growth factors. This region contains eight cysteine residues 
which are important for dimerization. We provide evidence 
that FIGF acts as a growth and morphogenic factor on 
fibroblasts in vitro. The mechanism of c-fos induction in 
response to PDGF has been well characterized (31, 32). The 
finding that a growth factor can be induced by c-fos allows to 
put in a consequential order of activation different growth 
factors of the PDGF family. Thus, the c-fos induction in 
response to PDGF or other growth stimuli may lead to the 
induction of other growth factors, FIGF being one of them, 
which most probably allows the cells to differentiate through 
a specific pathway. 

The FIGr* expression pattern analyzed by Northern blot 
showed a reduced expression of FIGF in c-/oy-deficient cells. 
That FIGF low expression is due to the lack of c-fos rather than 
to clonal variations is demonstrated by the restoration of FIGF 
mRNA upon induction of exogenously expressed c-fos in these 
cells. FIGF is expressed at elevated levels, within 2 h after 
serum induction. This corresponds to the expression of a 
c-/ay-induced gene. However, FIGF transcripts accumulates 
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during the quiescent phase as well. Thus, the FIGF induction 
is likely to require other regulatory mechanisms, probably 
connected with the cell cycle, in addition to the requirement 
for c-fos. 

The <FIGF pattern of expression differs considerably from 
the expression of its related genes PDGF and VEGF. These 
growth factors are induced rapidly after serum stimulation and 
their expression is not affected by c-fos. FIGF pattern of 
expression is most similar to gas 6. This gene, which acts as a 
growth factor, is abundantly expressed in serum starved cells 
(33, 34). 

The FIGF induction by c-fos appears quite specific since 
c-fos cannot be substituted by other AP-1 transcription factors. 
In fact, in c-/cw-deficient cells all AP-1 transcription factors 
except c-fos are normally expressed (14). In addition, the 
transfection of the aspecific AP-1 transcriptional activator 
GCN4 into these cells fails to induce FIGF (data not shown). 
In mammalian cells GCN4 is able to activate most AP-1 target 
genes, but it is nononcogenic (35). Taken together, these 
observations suggest that FIGF is involved in c-/os-dependent 
cell transformation, c-fos does not seem to be necessary for 
early proliferative steps of tumor formation, but it is required 
for malignant tumor conversion (8). Therefore FIGF could 
play a role in tumor progression. In this respect FIGF would 
not differ from VEGF. VEGF plays a role in tumor angio- 
genesis (36). It has recently been observed that its mRNA is 
elevated in papillomas originating from c-fos wild-type cells 
with respect to papillomas originating from c-/oy-deficient ceils 
(8). This contrasts with our results which demonstrate that, in 
vitro, the VEGF mRNA level is not affected by c-fos. It is likely 
that other events must happen before VEGF is induced during 
tumor progression since this effect can only be observed in vivo. 

It has been shown that continuos c-fos expression induces 
morphological transformations in vitro. These morphological 
modifications require at least 24 h of continuous c-fos expres- 
sion (6). We observed that FIGF is induced with a slow kinetics 
in response to c-fos and its overexpression induces morpho- 
logical transformations in fibroblasts. These morphological 
alterations are similar to those induced by the overexpression 
of c-fos in fibroblasts. Taken together, these data suggest that 
FIGF is a mitogenic and morphogenic effector of c-fos. Thus, 
the role of c-fos in the activation of the malignant phenotype 
is due, at least in part, to the induction of FIGF. The 
involvement of FIGF in tumor progression could represent a 
promising step toward the therapeutic prevention of neoplastic 
diseases. 
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